
Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalInformation?journalCode=ihyt20

International Journal of Hyperthermia

ISSN: 0265-6736 (Print) 1464-5157 (Online) Journal homepage: informahealthcare.com/journals/ihyt20

Hyperthermia and gene therapy: Potential use of
MicroPET imaging

Gloria C. Li, Fuqiu He & C. Clifton Ling

To cite this article: Gloria C. Li, Fuqiu He & C. Clifton Ling (2006) Hyperthermia and gene
therapy: Potential use of MicroPET imaging, International Journal of Hyperthermia, 22:3,
215-221, DOI: 10.1080/02656730600784677

To link to this article:  https://doi.org/10.1080/02656730600784677

Published online: 09 Jul 2009.

Submit your article to this journal 

Article views: 441

View related articles 

https://informahealthcare.com/action/journalInformation?journalCode=ihyt20
https://informahealthcare.com/journals/ihyt20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.1080/02656730600784677
https://doi.org/10.1080/02656730600784677
https://informahealthcare.com/action/authorSubmission?journalCode=ihyt20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=ihyt20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.1080/02656730600784677?src=pdf
https://informahealthcare.com/doi/mlt/10.1080/02656730600784677?src=pdf


Int. J. Hyperthermia, May 2006; 22(3): 215–221

Hyperthermia and gene therapy: Potential
use of MicroPET imaging

GLORIA C. LI, FUQIU HE, & C. CLIFTON LING

Department of Medical Physics and Department of Radiation Oncology, Memorial Sloan-Kettering

Cancer Center, New York, New York, USA

(Received 8 December 2005; revised 2 February 2006; accepted 13 March 2006)

Abstract
In recent years, both hyperthermia and gene-therapy have been evaluated as approaches to improve
cancer radiotherapy. In addition, potential exists to combine these approaches to increase the overall
therapeutic efficacy. For example, it has been reported that adenovirus-mediated heat-inducible gene
expression may reduce the normal tissue toxicity associated with constitutively controlled expression of
therapeutic genes. In our laboratory, we have shown that adenovirus-mediated, heat-activated
antisense Ku70 expression radiosensitizes tumor cells in vitro and in vivo, suggesting a novel approach
to use heat-activated gene-radiotherapy to radiosensitize human tumors.
However, to optimize the application of heat-activated gene-radiotherapy in the clinic, we need to
develop techniques to improve the delivery of the therapeutic adenovirus and to verify/monitor the
delivery non-invasively. In an ongoing study we test the effect of mild hyperthermia in improving
adenovirus-medicated vector delivery in a mouse tumor model. In addition, we evaluate the use of
non-invasive microPET imaging to monitor the spread of the adenoviral vector. Our preliminary
results show that (1) microPET imaging can be used to monitor non-invasively the viral vector delivery
and dissemination, and (2) mild heat shock leads to significantly improved viral vector distribution,
in other words, a wider spatial spread, in vivo.
Here, we will present a short review on the current status of hyperthermia and heat-activated
gene-radiotherapy, and the potential use of PET imaging in gene therapy.
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Hyperthermia as an adjuvant of radiotherapy

The use of hyperthermia as an adjuvant in cancer radiotherapy, based on the potentiation

of radiation effect by heat treatment, has been the subject of clinical investigation for some

time [1–3]. Thus far, full realization of this potential has been hindered by an inability

to deliver sufficient heat dose in a spatially- and temporally-controlled manner. This is
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especially true for deep-seated tumors, for which improvement is needed in the equipment

used for planning, implementing, and monitoring hyperthermic treatments. Recently, a

randomized trial of hyperthermia and radiation for superficial tumors demonstrated that

adjuvant hyperthermia with a thermal dose more than 10CEM 43�C T90 confers a

significant local control benefit [4]. Alternatively, improvement may be possible through

better understanding of the biology of heat shock in combination with radiation. In this

regard, basic science investigation has unraveled important mechanistic knowledge of the

heat shock phenomenon, including transcription control, protein trafficking, chaperon

function, and the role of heat shock proteins in cancer immunotherapy [5].

The heat shock response, a highly conserved process, involves the rapid and transient

increases in transcription of a number of heat shock genes when cells are subjected to heat

stress. In eukaryotes, the response is mediated by a sequence-specific DNA binding protein

termed HSF1 [6]. In unstressed mammalian cells, HSF1 is maintained in a monomeric,

non-DNA binding form. Upon heat shock, HSF1 assembles into trimers, binds tightly to

the heat shock elements (HSEs) located in the promoter region of heat shock genes and

trans-activates the heat shock gene expression [7, 8]. This heat-induced transactivation

can be several orders of magnitude, thus making the heat shock promoter, specifically, the

hsp70 promoter one of the most efficient inducible regulatory sequences [5, 6, 9].

Heat-activated gene-radiotherapy targeting DNA repair

Altering the genetic makeup of a cancer cell by gene transfer is a potentially powerful

strategy for treating human cancer. However, the relative low efficiency of gene delivery

in vivo and relatively poor tumor specificity has prevented the widespread implementation of

this technology in the clinic. Despite these formidable obstacles, successful application of

gene therapy in the treatment of cancer may be possible when it is combined with localized

modalities such as ionizing radiation (for review see [10] and references within). In the past

decade, the vast knowledge of the molecular defects that drive the cancer process,

coupled with the rapidly expanding information of the genes responsible for tumor cell

radioresistance, have led to the development of rational, targeted gene therapy strategy

designed to increase tumor cell radiosensitivity.

The repair ofDNAdouble-strand break (DSB) induced by ionizing radiation is essential for

the survival of irradiated mammalian cells. DNA DSB repair involves two mechanistically

distinct, but sometimes overlapping pathways: homologous recombination (HR) and

non-homologous end-joining (NHEJ). Recent genetic and biochemical studies firmly

established that DNA-dependent protein kinase (DNA-PK) activated by DNA ends play

a central role in the NHEJ pathway of DSB repair. DNA-PK is a serine/threonine kinase

that consists of a large catalytic subunit of 465-kDa (DNA-PKcs) and a DNA-targeting

component Ku, which itself is a heterodimer of 70-kDa and 86-kDa polypeptides

(Ku70 and Ku80, respectively) [11–13]. Recently, studies using Ku80-/-, Ku70-/- and

DNA-PKcs-/- knockout mouse model systems, have clearly shown that deficiency in

any of the three subunits of DNA-PK leads to decreased DNA DSB repair and

increased radiosensitivity, both in vitro and in vivo [14–16]. In particular, absence of Ku70

or Ku80 led to a�2.5-fold increase in the slope of the radiation survival curve. These findings

motivated investigators to design methods to down-regulate the Ku level in tumors, and to

evaluate whether this approach will enhance the response of tumors to ionizing radiation.

A plausible approach to radiosensitize cells is to reduce the cellular level or activity of

Ku70, using gene delivery systems to express antisense Ku70 [17]. This idea is similar in
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principle to the work by Marangoni et al., who showed that constitutive expression of

antisense Ku80 radiosensitizes human fibroblasts [18]. To induce the overexpression of

antisense Ku70, the use of the heat shock process was proposed, as the heat shock promoter

is one of the most effective inducers [1, 9, 17, 19]. The use of a heat-inducible system for the

activation has other advantages as well; it provides geometrical definition by focal heat

delivery in the in vivo situation, and it may circumvent unexpected normal tissue toxicity

associated with a constitutive high-level expression of antisense Ku70 RNA or other

therapeutic target genes.

In terms of the gene delivery system, although both viral and non-viral delivery systems

have been exploited, the former are the most advanced in terms of preclinical development

and clinical potential [20]. In the past decades, adenovirus vectors have been developed as a

tool for gene transfer into mammalian cells and for gene therapy applications [1, 9, 10, 19,

21–26]. These vectors have many advantages: the recombinant adenoviruses can infect a

wide variety of dividing and non-dividing cells; they can be purified to high titers; the strains

commonly used to construct recombinant viruses are well characterized; their genome rarely

integrates into the host chromosome, thus making them suitable in applications that require

efficient and transient expression of vector-borne genes. The recombinant viruses are

propagated in special cell lines that express the deleted viral genes in trans, so that viral

particles can be made and isolated, but are not themselves capable of replication when

infecting non-permissive cells. Furthermore, the well characterized adenovirus shuttle

vectors and the 293 cells used to produce non-replicating adenovirus vectors are

commercially available.

In the study by Li et al., the potential of a heat-activated gene-therapy approach to

enhance the response of tumors to ionizing radiation was tested in in vitro (cell culture) and

in vivo (rodent) systems using adenoviral-mediated transfer of an antisense Ku70 under the

control of the heat-inducible hsp70 promoter, followed by heat and radiation treatment.

These data clearly demonstrated that heat-induced expression of antisense Ku70 RNA

attenuates Ku70 protein level, and significantly sensitizes the FSa-II tumors to ionizing

radiation both in vitro and in vivo [17]. These results suggest that adenovirus-mediated,

heat-activated antisense Ku70 expression may provide a novel approach to radiosensitize

human tumors and improve clinical outcome.

The study described above is consistent with earlier reports that demonstrated the

feasibility of heat-activated, target gene and radiation therapy strategy [1, 9]. Huang et al.

showed that intralesion injection of the interleukin-12 (IL-12) carrying adenovirus vector in

a mouse melanoma tumor model caused significant tumor growth delay only with

hyperthermia treatment [19]. Lohr et al. from the same group further demonstrated

that adenovirus mediated intratumoral expression of IL-12 under the control of a

heat-inducible promoter in combination with hyperthermia is almost as effective as that

under the control of a constitutively activated cytomegalovirus (CMV) promoter, whereas

systemic transgene levels are substantially reduced with the heat-inducible promoter.

Importantly, these investigators showed that the tumor response to radiotherapy is

considerably improved when combined with heat-inducible gene therapy without apparent

systemic toxicity [27]. To further examine the effect of heat shock, the systemic leakage

and transgene expression by intratumorally injected recombinant adenoviral vectors, an

inducible hsp70 promoter-driven IL-12 strategy was tested [27]. It was shown that after

localized hyperthermia at 42.5�C, high intratumoral levels of a therapeutic transgene can be

obtained while systemic expression is reduced to a minimum, thus increasing the safety of

adenovirus-based tumor gene therapy [27].
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Hyperthermia improves viral vector distribution: Potential use of PET imaging

To optimize the application of heat-activated, adenovirus-mediated gene and radiation

therapy to the clinic, one needs to develop techniques to improve the delivery of adenovirus

and to verify the vector delivery non-invasively. It is well documented that physical treatment

such as mild hyperthermia increases tumor vascular permeability, blood flow and perfusion,

leading to faster diffusion [17, 28–38]. Thus, in a pilot study we investigate the effect of mild

hyperthermia on the diffusion of adenoviral vectors in a rodent model. To visualize and

quantify the improvement due to hyperthermic application we use a molecular imaging

approach with a dedicated animal positron emission tomography system (microPET).

For this pilot study, we generated replication-defective adenoviruses rAd(CMV-

TKeGFP) containing a CMV promoter-driven tk gene, the expression of which can be

imaged by the trapping of 18F-FEAU inside adenovirus-infected tumor cells. Dunning rat

prostate tumor R3327-AT cells were implanted subcutaneously into the thighs of nude

mice. When the tumors reach �1 cm in diameter, adenoviruses were injected into the

tumors. Six hour later, the tumors were heated at 42�C for 30 minutes or sham-treated.

The virus-mediated tk gene expression was monitored at 24 hr and 48 hr post-viral injection

by microPET imaging using 18F-FEAU as the marker/reporter substrate [39]. The serial

microPET images of heated and control (injected with viruses but not heated) tumors were

analyzed to determine the 18F-FEAU distribution, as a surrogate of the dissemination of the

adenoviral vectors. Our preliminary data (Figure 1) clearly shows that (i) microPET imaging

can be used to monitor non-invasively the viral vector delivery and dissemination, and

(ii) mild heat shock leads to significantly improved viral vector distribution, in other words,

a wider spread, in vivo.

Discussion and summary

Although only preliminary results are presented, they demonstrate the potential of using

molecular imaging methods to monitor the delivery of adenoviral vectors in gene-therapy.

In this study the replication-defective adenovirus rAd(CMV-TKeGFP) was used as a proof

of principle. We believe that if adenovirus containing a therapeutic gene is co-injected, the

microPET images obtained due the expression of the CMV-TKeGFP serve as surrogates for

Figure 1. Left panel: Showing transplanted tumor on left and right hind thighs of the mouse; middle
and right panels: mPET images of unheated and heated mice acquired 48 hr after intra-tumoral
injection of replication-defective adenovirus rAd(CMV-TKeGFP).
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the spread of the therapeutic adenovirus. Of course, it would be more desirable to image the

therapeutic gene directly, however, that is difficult or impossible to do. An alternative would

be to construct an adenoviral vector that contains both the imaging marker gene and

the therapeutic gene. Even in that scenario there is still the caveat that the images are the

results of enzymatic reactions of the HSV1-tk protein with the associated amplification.

Nevertheless, PET imaging of gene expression provides a promising approach that may have

applications in the treatment of cancer and other diseases based on the gene therapy

paradigm.

One advantage of PET imaging is that it is non-invasive. But that could also be a

disadvantage in that the detailed information in the tumor is not available. Thus, validation

of studies need to be performed to relate PET images to analysis of tumor specimens. We are

currently performing such studies comparing PET images with tumor sections. Our study

endpoints of tumor sections include H&E, immunohistochemistry of endogenous proteins,

and autoradiographs of 18F-FEAU and 124F-FIAU (an analog of FEAU radiolabeled with

a longer-lived radioisotope). Through these correlative studies we hope to calibrate the PET

images and provide the biological underpinning.

Positive results from preclinical feasibility studies, in increasing the sensitivity of

radioresistant cells to ionizing radiation, may lead to future clinical trials targeting disease

sites that can benefit from radiosensitization. Advances in conformal and intensity-

modulated radiation therapy have provided a powerful tool in the treatment of cancer by

locally irradiating the tumors with minimal damage to healthy tissues. However, a number of

tumors, such as glioblastomas, are resistant to radiation. It is conceivable to develop an

image-guided therapeutic strategy combining (i) image-guided delivery of vectors that

express a heat-inducible radiosensitizing effector gene and a marker gene, (ii) application

of hyperthermia followed by verification of vector delivery to tumor cells by molecular

imaging, and (iii) tumor eradication by ionizing radiation. If tumor cells in general and

radioresistant tumor cells in particular could be sensitized by heat-activated expression of

genes which antagonize the DNA repair mechanism, novel approaches could be developed

as an adjuvant to radiation therapy.
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