ABSTRACT

PRUITT, AMY FORISTER. Heat Induced Reporter and Therapeutic Gene Expression in
Cancer Gene Therapy. (Under the direction of Marlene Hauck.)

Gene therapy for cancer is an important research focus, with most approved gene therapy clinical
trials involving cancer patients. This reflects, in part, the inadequacies of conventional treatment
for advanced, refractory solid tumors. However, significant problems remain to be solved before
gene therapy will become a first line modality in the clinical setting. Two challenges to
overcome are the need for targeted transgene expression and noninvasive evaluation of transgene
expression. In this study, we hypothesized that the use of the heat inducible heat shock protein
70 promoter (HSP) in combination with the human somatostatin receptor type 2 (hSSTr2)
reporter gene will allow for the in vivo, non-invasive monitoring and quantification of targeted
therapeutic gene (murine Interleukin 12) expression. Replication-incompetent adenoviral vectors
containing either the therapeutic gene (AdHSPmIL-12) or the reporter gene (AdHSPhsstr2)
under control of the HSP were constructed and their function first assessed in vitro. Cells were
infected with both vectors and then heated at temperatures that ranged from 38-42° C.
Uninfected cells and infected cells at 37° C served as controls. Twenty-four hours after heating,
radiolabeled somatostatin analogue was added to the wells, and radioligand receptor binding was
measured with a gamma counter. A murine interleukin-12 (mIL-12) ELISA kit was used to
measure mIL-12 levels in the supernatants. The adenoviral vectors function was also assessed in
vivo. Balb/c and C57BL/6 mice with subcutaneous mammary adenocarcinoma and murine
melanoma tumors respectively received intratumoral co-injection of 1 X 10° pfu each of
AdHSPhsstr2 and AJHSPmIL-12 followed by either no hyperthermia, hyperthermia for 40
minutes at 41.5°C or hyperthermia for 40 minutes at 42.5°C. Additional animals not receiving

intratumoral vector injection served as controls. Radioligand was injected via the tail vein 48 h



after heating, and animals were sacrificed one hour after tail vein injection. Tissues were
collected and counted in a gamma counter. Tumors were also disaggregated in lysis buffer using
a Mini-Beadbeater, and murine IL-12 concentrations in tumor extracts were determined using a
miIL-12 ELISA kit. In the in vitro experiments, a statistically significant heat-dose response of
radioligand binding for the reporter gene and mIL-12 production for the therapeutic gene was
detected, with minimal expression observed in the controls. Results demonstrated a strong
correlation between radioligand uptake and mIL-12 production in response to heat treatment
(Pearson coefficient 0.95, p = <0.0001). A statistically significant heat-dose response of tumor
radioligand uptake for the reporter gene and tumor mlL-12 production for the therapeutic gene
was also detected in vivo, with minimal expression observed in the controls. Normal tissue
biodistribution of radioligand was similar between all treatment groups with no significant
difference between the infected groups and the non-infected control. Results demonstrated a
strong correlation between tumor radioligand uptake and tumor mIL-12 production in response
to heat treatment (Pearson coefficient 0.85, p = < 0.0001). The results of this study indicate that
gene expression from both vectors could be induced in vitro and in vivo by hyperthermia in a
temperature dependent manner and that induced expression from the reporter and therapeutic
gene vectors were highly related. Normal tissue biodistribution of radioligand was similar
between all treatment groups with no significant difference between the infected groups and the
non-infected controls demonstrating the ability of the HSP promoter to limit transgene
expression to the tumor. Results have the potential to pave the way for evaluation of heat

induced gene therapy with hSSTr2 reporter monitoring in animals and humans.
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INTRODUCTION

Rapid advances in molecular sciences and the elucidation of the human genome over
the past decade have fostered remarkable insights into the molecular basis for many diseases
and into the development of novel therapies at the genetic level. Continued improvements in
recombinant DNA technologies and in vector systems, identification of genes associated with
specific diseases and the development of novel mouse models of human diseases have lead to
significant progress in the field of gene therapy (1-3). A form of molecular medicine, gene
therapy has the potential to provide new treatments for a considerable number of inherited
and acquired diseases. The goal of gene therapy is to successfully introduce genetic material
into target cells with the intent to either cure or slow the progression of disease (3, 4).
HISTORY OF GENE THERAPY

The results of the first gene transfer experiment involving the delivery of gene-
marked tumor-infiltrating lymphocytes to patients receiving treatment for malignant
melanoma were published in 1990 (5). Since that time the number of gene therapy clinical
trials has increased dramatically, with a recent report stating that over 1,340 clinical gene
therapy trials had been completed, were ongoing or approved worldwide (6). Gene therapy
was initially developed for treating inherited monogenic disorders by inserting a normal copy
of a mutant or deleted gene. Examples of gene therapy for monogenic disorders that have
been evaluated include severe combined immunodeficiency (SCID), cystic fibrosis,
hemophilia, familial hypercholesterolemia, Duchenne muscular dystrophy and Gaucher’s
disease (1, 7). While originally envisioned for the treatment of monogenic disorders, the

interest in and application of gene therapy soon broadened. Much attention has been directed



at the potential gene therapy has to offer for treatment of more complex, multifactoral
diseases such as cardiovascular disorders, neurologic disorders and cancer (1, 2, 8)

While gene therapy has great potential to improve human health, progress in this new
medical field suffered from a couple of serious adverse events. In 1999, the death of a
patient during a gene therapy clinical trial at the University of Pennsylvania caused several
trials to be temporarily halted by the US Food and Drug Administration (9-11). The patient
experienced an exaggerated and unexplained innate immune response to a second-generation
E1 and E4-deleted adenovirus vector during a clinical safety trial for the treatment of
ornithine transcarbamylase deficiency, a genetic disorder that affects the body's ability to get
rid of ammonia. Eighteen patients were treated in the trial with the adenovirus vector infused
into the right hepatic artery. The patient who died received the highest dose of the vector
used in the trial, as did an additional patient who experienced no adverse side effects. The
question that remains unclear is why the one patient suffered such severe side effects,
whereas the other patient received a similar dose of the vector and tolerated it well. There is
some indication that previous exposure to wild-type virus infection might have sensitized his
immune system to the vector. The case highlighted the substantial patient-to-patient
variation in immune responses to systemically administered vectors and the need for further
study of the host immune response to these vectors (12).

Enthusiasm for gene therapy returned when the first gene therapy success was
reported in 2000. It involved the successful treatment of two patients suffering from X-
linked severe combined immunodeficiency (SCID-X1), an inherited disease characterized by
an early block in T and natural killer lymphocyte differentiation (13). Between 1999 and

2002, 10 patients were enrolled in this gene therapy clinical trial, and treatment was



successful in 9 out of the 10 patients (14). However, the initial enthusiasm turned to alarm in
2003 when reports were published that 2 of the 10 patients had developed a leukemia-like,
clonal T-cell lymphocyte proliferation that became clinically overt after 3 years (15). It was
subsequently shown that this serious complication resulted from retroviral vector genome
integration near the LMO2 proto-oncogene promoter, leading to aberrant transcription and
expression of LMO2 (16). Insertional mutagenesis resulting in clonal T-cell proliferation
ultimately occurred in 3 patients, leading to the death of 1 patient while chemotherapy
resulted in complete remissions for the other 2 patients (4). However, this was a deadly
disease with imperfect alternatives. These complications emphasize the need for continued
evaluation of the risk/benefit ratio in clinical trials and for continued research seeking to
make existing vectors safer and prevent such incidents in the future (17).

For a period after these two serious adverse events, gene therapy maintained a low
profile stemming from decreased public confidence in the field. However, progress was
being made in many areas of gene therapy. To date, 17 out of 20 SCID-X1 patients enrolled
in gene therapy clinical trials have been successfully treated (4). Likewise, adenosine
deaminase deficiency (ADA—-SCID), another form of SCID, has been successfully treated
using a similar approach in two recent clinical trials (18, 19). While gene therapy for SCID
is the most significant success story thus far, there has been promising developments in gene
therapy for a range of diseases (6, 20, 21). Clinical trials have been conducted evaluating
gene therapy for skin diseases, eye diseases, neurological disorders, HIV/AIDS, ornithine
transcarbamylase deficiency, al-antitrypsin deficiency, haemophilia, cystic fibrosis,
muscular dystrophies, cardiovascular disease and cancer (20, 21). Of particular note,

evidence of clinical efficacy has been demonstrated for: junctional epidermolysis bullosa, a



severe recessive skin blistering condition (22), chronic granulomatous disease, an inherited
primary immunodeficiency that affects phagocytes (23), Parkinson’s disease, a devastating
degenerative disorder of the central nervous system marked by progressive loss of dopamine
producing cells in the midbrain (24, 25), and cancer, with successful immunotherapy
treatment of two patients with metastatic melanoma (26) .
PROBLEMS TO OVERCOME IN GENE THERAPY

While these positive results are encouraging, significant problems remain to be solved
before gene therapy will become a first line therapy. These include the lack of efficient gene
transfer, lack of sustained or regulated gene expression, host immune responses, vector safety
issues (insertional mutagenesis, severe immune/inflammatory response), inadequate targeting
of transgene expression to appropriate cells and the need for noninvasive evaluation of
transgene expression (7, 27, 28). The degree of importance of each problem may depend on
the specific therapeutic application.

One of the major impediments to the successful, widespread application of gene
therapy strategies is the development of safe and effective vectors for gene delivery and
expression in cells (3). Development of vectors that can selectively and efficiently deliver a
gene to target cells with minimal toxicity will largely determine the success of gene therapy
(29). An ideal vector should be easy to produce at high titer and amenable to commercial
production. It should be able to produce sustained or regulated transgene expression. Stable,
sustained gene expression would be desirable for treatment of a monogenic disease like
hemophilia but may result in increased toxicity in a cancer cytotoxic gene therapy approach
where gene expression may need to be more tightly regulated. The vector should be capable

of transducing both dividing and non-dividing cells. Vector components should not illicit an



immune response after transduction. A local inflammatory response can result in lysis of
transduced cells and decreased duration of transgene expression, while development of virus-
neutralizing antibodies limits the potential for repeated administrations of the vector.

Marked activation of an innate immune response can be life-threatening. When attempting to
achieve sustained transgene expression using integrating vector systems, it is important to
consider the potential hazards of insertional mutagenesis. In this instance, vectors capable of
site-specific integration will be appealing (3, 30).

VECTORS USED IN GENE THERAPY

Vectors fall into two broad categories: nonviral and viral vectors (31). Some examples of
nonviral vectors include direct injection of naked DNA, liposomes (cationic lipids mixed
with nucleic acids) and molecular conjugates (cationic polymer/nucleic acid complexes).
While nonviral vectors are easy to produce in relatively large quantity and are less likely to
present toxic or immunologic problems, they so far have suffered from poor transfection
efficiencies compared to viral vectors, and expression of the transgene tends to be transient
(29, 31, 32). Viruses are efficient in transducing cells and so far have been the most suitable
vehicles for efficient gene transfer.

The most commonly used vectors are retroviral and adenoviral vectors which combined
have been used in almost 50% of human clinical trials. Retroviral vectors were the first to be
used as gene therapy vectors, and until recently, had been the most commonly used vector.
The decrease in the proportion of trials using retroviral vectors may be the consequence of
the serious adverse events seen in the SCID clinical trial. Adenoviruses are now the most

commonly used vector in human clinical trials (6). Adeno-associated viruses and Herpes



simplex virus-1 (HSV-1) have also been studied to a great extent and have been evaluated in
many preclinical and some clinical gene therapy applications.
ADENOVIRUSES

Adenoviruses are DNA viruses, with 42 serotypes known to infect humans. Most gene
therapy vectors are based on serotype 5, with deletions in one or two viral early genes (E1
and E3) to prevent replication. More recent adenoviral vectors have also had additional
deletions in other early genes (E2 and/or E4) to reduce host immune response to the vector
(33). Adenovirus vectors are relatively limited by the size of the transgene that can be
inserted, with current vectors capable of inserting 8-9 kb of foreign DNA (30 kb for helper
dependent vectors deleted for all viral genes). Most human cells are susceptible to
adenovirus infection, and adenoviral vectors can efficiently transduce both dividing and non-
dividing cells. The adenovirus vectors have been described as, arguably, the most efficient
category of vector for transgene delivery (33). Cell entry of the adenoviral vector starts with
binding of the virus fiber knob to the primary receptor, the coxsackie-adenovirus receptor
(CAR). Internalization of the virus is mediated by the interaction of a penton-base Arg-Gly-
Asp (RGD) motif and cellular a, 3 & 5 integrins, which leads to endocytosis of the virion
via clathrin-coated pits (34). Because most human cells are susceptible to adenovirus
infection, a potential disadvantage of this vector system is the lack of target cell selectivity.
However, various strategies have been evaluated to modify adenovirus tropism in order to
target cell transduction. These include the use of adaptor molecules that can retarget the
adenovirus binding to alternative receptors and genetic modification of the receptor-binding
knob domain to achieve CAR-independent binding to target cell associated receptors (34,

35). The adenoviral life cycle does not require integration into the host cell genome. Instead



it has an extrachromasomal genome that replicates as an episomal element in the host cell
nucleus. Typically with adenoviral vector systems, there is transient transgene expression.
This is due in part to the lack of integration into the host DNA, but the transient expression
also results from the host’s immune response to the vector (33). T-cell mediated response
against adenoviral proteins causes a local inflammatory response that can result in lysis of
transduced cells and consequent decreased duration of transgene expression in vivo. The
development of virus-neutralizing antibodies limits the potential for repeated administrations
of the vector. The strong immunogenicity and resultant transient transgene expression of
adenoviral vectors are a disadvantage for many gene therapy applications. However, for
some gene therapy applications, transient expression may be an advantage, such as in the
treatment of vascular and coronary artery disease and cancer (33). In the case of cancer
treatment, immunogenicity and cellular toxicity may enhance the antitumor effect (36). The
major safety issue with adenoviral vectors is the possibility of provoking a severe immune
and inflammatory response as was the case in the ornithine transcarbamylase deficiency
clinical trial (6). Strategies that are currently being examined to avoid this drawback of
adenoviral vectors include immunosuppression, immunomodulation, serotype switching, use
of targeted adenoviral vectors with restricted tropism, microencapsulation of adenoviral
vectors, use of helper-dependent adenoviral vectors, and development of nonhuman
adenoviral vectors (37). In addition, because adenoviruses are relatively stable and resistant
to physical manipulations, an advantage is that high titer viral stocks can be generated and

sample aliquots can be frozen for use at later times.



RETROVIRUSES

Retroviruses are single stranded RNA viruses. Retroviral vectors also have a relatively
limited size capacity to carry transgenes (approximately 8 kilobases). They target actively
dividing cells with a high degree of efficiency, an example being the C-type retrovirus,
Moloney murine leukemia retrovirus (Mo-MuLV). Their inability to infect non-dividing
cells has been the main limitation of retroviral vectors, restricting in vivo applications to
actively dividing tissues like stem cells and cancer cells (3). An exception to this are the
lentiviruses (members of the retrovirus family) which can replicate in dividing and non-
dividing cells, with the most extensively studied for clinical applications being the human
immunodeficiency virus type-1 (HIV-1) based vectors (30). While lentiviral vectors fulfill
many of the criteria for an ideal vector, their move into gene therapy clinical trials has been
slow due to fear of the possibility of recombination and generation of infectious HIV.
However, newer vectors that are based on HIV retain <5% of the parental genome, and <25%
of the genome is incorporated into packaging constructs. This minimizes the risk of
generating revertant replication-competent HIV. Also, the development of self-inactivating
vectors has further increased their biosafety (33). Self-inactivating vectors contain deletions
of the regulatory elements in the downstream long terminal- repeat sequence (LTR), which
eliminates the transcription of the packaging signal that is required for vector mobilization
(38). The Mo-MuLV is one of the earliest gene therapy vectors. Because it is an ecotropic
virus it normally only infects murine cells due to a specific interaction of a viral glycoprotein
and a murine cell surface transporter. The Mo-MuLV envelope glycoprotein is pseudotyped
with the G-protein of vexicular stomatis virus (VSV-QG), with its receptors found on most

human cells (33). Selective target cell transduction can be achieved by generating hybrid



envelope proteins that fuse a portion of the env gene with a sequence encoding a ligand for a
specific cell surface receptor of the target cells (3). Retroviral vectors integrate into target
cell DNA and have low immunogenicity. Both of these qualities could lead to long-term
transgene expression. However, retroviral vector-mediated insertional mutagenesis could
induce oncogenesis (33). The SCID-X1 clinical trial showed that this previously
hypothetical risk of insertional mutagenesis due to the random integration of the retroviral
genome into the host genome was indeed a very real risk. Development of site-specific
integration vectors and self-inactivating vectors hopefully will decrease this risk in the future.
ADENO-ASSOCIATED VIRUS

Adeno-associated virus (AAV) vectors have very limited carrying capacity, being able to
accommodate only about 4 kb of DNA insert. AAV can infect both dividing and non-
dividing cells of many different cell types (different serotypes show different efficiencies).
AAYV vectors have been reported to display long-term and efficient transgene expression in
various cell types. Adeno-associated virus DNA can integrate into the host cell genome.
However, most studies report AAV vector genomes as episomal about 90% and integrated
about 10% of the time due to gene deletions within the vectors (33). AAV-2, the
predominant serotype from which most AAV vectors have been derived, has a broad tissue
tropism as a result of AAV-2 attachment to the ubiquitously expressed cell surface heparan
sulfate proteoglycan. AAV vectors pose little toxicity because the wild-type virus has never
been shown to cause any pathologic effects in humans and AAV integrates specifically into
chromosome 19 of the human genome which decreases the risk of insertional mutagenesis.
However, virus vectors deleted of the open reading frame (ORF), Rep (to allow maximal

insert size), will have lost the ability of site-specific integration and thus integrate at random



if at all. AAV vectors have low immunogenicity usually because of the deletion of the Rep
and Cap ORFs, and therefore, the lack of viral protein expression (30, 33).
HERPES SIMPLEX VIRUS

One of the most important features of the replication-deficient herpes simplex viral vector
(HSV-1) is its ability to carry up to 40-50 kb of foreign DNA. HSV-1 is naturally
neurotrophic and also infects epithelial cells. A characteristic of HSV-1 infection is the
establishment of a latent state in neurons that can be reactivated with the proper stimulus
resulting in entry into the lytic cycle (3). Most HSV-1 vectors have gene deletions making
them replication-incompetent. HSV-1 vector has an episomal genome and does not integrate
into the host cell genome. There is transient transgene expression in cells other than neurons
due to induction of an antiviral immune response. It is an attractive vector system for use in
neuropathological conditions because it can establish long-term expression in these cells.
While it has a strong tropism for neurons, it can deliver genes to a wide range of cell types.
There is the possibility of recombination and reversion to a wild-type phenotype with
defective viruses grown in complementary cell lines. Given that wild-type HSV-1 infection
is associated with neurologic sequelae, recombination is a serious concern (30, 33).
CANCER GENE THERAPY

Although gene therapy strategies are being evaluated for the treatment of many

different diseases, thus far two-thirds of the gene therapy clinical trials have been aimed at
the treatment of cancer (6). This partly reflects the lack of effective conventional treatments
for advanced refractory solid tumors. Solid tumors are often difficult to control due to
various tumor factors, including tumor size, heterogeneity, location, vascularization and

inherent chemo- and/or radio-therapy resistance. These factors can limit the effectiveness of

10



conventional treatment modalities such as surgery, radiation and chemotherapy.
Experimental therapies often provide the only alternative for patients with advanced disease
who are refractory to conventional treatments. Also, strategies for cancer gene therapy are
not as limited by some of the technical difficulties that challenge gene-replacement therapies
of monogenetic diseases, such as the need for sustained, long-term gene expression and
evading host immune response (2, 39).

The American Cancer Society projected a total of 1,444,920 new cancer cases and
559,650 deaths form cancers in the United States in 2007 (40). Due to the limitations of
current cancer therapies, continued research evaluating novel cancer treatment strategies is
essential, and many encouraging gene-directed therapies for cancer are being explored.
Cancer immunotherapy is the major cancer gene therapy strategy that has been investigated
and accounts for almost forty percent of the genes transferred in human clinical trials (6).
Immunotherapy approaches have involved cytokine or antigen gene transfer to tumor cells or
host immune cells. Other cancer gene therapy strategies involve cytotoxic therapy with
‘suicide gene’ transfer to tumor cells allowing the conversion of nontoxic prodrugs into toxic
drugs, replacement of defective tumor suppressor genes such as p53, inhibition of expression
of oncogenes by antisense mechanisms, anti-angiogenesis strategies and the use of
conditionally replicative oncolytic viruses (21, 41-43).

CANCER GENE THERAPY - IMUNOPOTENTIATION

The enhancement of the immune systems ability to destroy cancer cells through gene
transfer is commonly referred to as immunopotentiation, and targets identified for gene
transfer have included dendritic cells, effector T cells and tumor cells (44, 45). Dentritic

cells are antigen presenting cells that can be modified either to present specific tumor
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antigens to immune effector cells or to more efficiently activate an antitumor immune
response (21, 41). Transduction of tumor protein into dendritic cells as a means to express
tumor antigens for extended periods and to allow normal antigen processing and presentation
of a full range of peptides from that particular tumor has been evaluated. The goal is to
achieve stronger and sustained antigen presentation leading to a more potent antitumor
immune response than can be achieved with transient presentation of a single peptide (41).
Recently, the FDA recommended approval for the first genetically modified dendritic cell
vaccine for the treatment of prostate cancer (21). Attempting to optimize the
immunostimulatory efficacy of dendritic cell vaccines, current early phase clinical studies
augment dendritic cells by adding expression of costimulatory molecules such as CD40
ligand, enhancing their secretion of immunostimulatory cytokines or by increasing their
lifespan (21, 46).

Genetic modification of effector T cells is another promising approach to
immunopotentiation of the host antitumor immune response. Tumor specificity can be
induced in T lymphocytes isolated from patients by gene transfer and expression of tumor
specific receptors (T cell receptors), which have an antigen specificity toward the targeted
tumor (41). These cells are expanded ex vivo and reinfused into the patient. A recent study
demonstrated the ability to specifically confer tumor recognition by autologous lymphocytes
from peripheral blood by using a retrovirus that encodes a T cell receptor. High sustained
levels of circulating, engineered cells were observed for one year after treatment in two
patients, both of whom had complete tumor regression for over one year (26).

Gene therapy immunopotentiation can increase antigenic stimulation from tumor cells

and their microenvironment to enhance tumor ‘visibility’ to the immune system (21) Cancer
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cells are immunogenic naturally, however, the regular immune response is not sufficient to
eradicate tumors. There are several reasons why tumors are able to evade the immune
system including tumor secretion of immunosuppressive factors, tumor down regulation of
antigen and major histocompatability complex expression, and lack of co-stimulation since
antigen is presented by the tumor cell rather than antigen presenting cells (42). The
antitumor effects of systemically administered cytokines can be substantial. However, severe
systemic side effects often result due to the high doses required. In an attempt to achieve high
local cytokine levels necessary for antitumor immune response with minimal systemic
effects, gene therapy approaches have been explored (41, 47). Modification of malignant
cells using genes encoding immunostimulatory cytokines (e.g. IL-2, IL-4, IL-12, IFN-y,
TNF-a, GM-CSF), or co-stimulatory molecules (e.g. B7-1, B7-2, CD40 ligand) augments in
Vivo tumor antigen presentation helping to recruit tumor-specific T cells and B cells (21).
Strategies for introduction of immunostimulatory genes include in vivo injection of tumors
with a vector containing an immunostimulatory gene or ex vivo transduction of tumor cells,
followed by irradiation and re-administration of the cells to achieve the desired cytokine
production.

Tumor cell transfection with the cytokine Interleukin-12 gene has been the focus of
intensive research. Interleukin-12 (IL-12) plays an essential role in the interactions between
the innate and adaptive arms of the immune system (48). IL-12 acts on T lymphocytes (T
cells) and natural killer cells (NK cells) by enhancing the generation and activity of cytotoxic
lymphocytes and inducing the production of many cytokines, especially interferon- y (IFN- y)
(49). Differentiation of T helper 1 cells, which are potent producers of IFN- v, is mediated by

IL-12. In turn, INF- y acts as a potent positive feedback mechanism by enhancing the ability
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of phagocytes and dendritic cells to produce IL-12 (50). IFN- v is also thought to play a
major role in the anti-tumor actions of IL-12 (51, 52). IL-12 strongly inhibits angiogenesis,
and its induction of INF- y appears to play a critical role as a mediator of the antiangiogenic
effects of IL-12 (49). There is also evidence for a role of IL-12 in humoral immunity (53).
IL-12 has been found to eradicate tumors, metastases, elicit sustained anti-tumor immunity
(54-56) and inhibit angiogenesis (57, 58). After successful interleukin-12 gene transfection
into tumor cells, complete tumor regression in rat animal models was observed in
hepatocellular carcinoma and adenocarcinoma (55, 59). Several studies have been published
on the use of heat-inducible IL-12 genes (60-62), and in one study, injection of an adenovirus
containing a heat inducible mIL12 gene into a mouse melanoma model followed by local
hyperthermia significantly retarded tumor growth (60).
CANCER GENE THERAPY — SUICIDE GENE THERAPY

Suicide gene therapy involves the transfer of genes that encode an enzyme product
that converts relatively nontoxic prodrugs administered systemically into highly toxic
metabolites selectively in the cancer cells. The suicide gene is delivered to the target cells,
where it is not normally present, usually by injecting a viral vector containing the suicide
gene directly into the tumor mass. Most of the strategies have employed transduction of
genes encoding non-mammalian enzymes to tumor cells to selectively increase conversion of
prodrugs to their toxic metabolites in tumors (63). Survival of the transduced cell, as
intracellular concentrations of the cytotoxic product increase, is maintained by diffusion of
the cytotoxin through gap junctions into adjacent non-transduced cancer cells (64). Once the
cytotoxin concentration is sufficiently high in the adjoining cancer cell mass, it kills both the

transduced cells and their neighboring cells. Thus, there is a ‘bystander effect’ of transduced
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cells on nontransduced cells, and tumor regression can occur even when only a fraction of the
tumor cells are transduced (65). Translation into human clinical trials has included herpes
simplex virus - thymidine kinase (HSV-TK) gene transfer to induce susceptibility to
acyclovir, ganciclovir or valacyclovir; bacterial cytosine deaminase (CD) gene transfer to
induce susceptibility to 5-fluorocytosine; and mammalian cytochrome P450 2B (CYP2B)
gene transfer to enhance chemosensitivity to cyclophosphamide and ifosfamide, among
others (21).
CANCER GENE THERAPY — TUMOR SUPPRESSOR GENES AND ONCOGENES
Tumor suppressor genes lost or mutated in human cancer include p53, retinoblastoma
gene Rb, pl6INK/CDKN2 and PTEN. They encode a variety of proteins that regulate the
cell cycle and mediate DNA repair pathways. Normally, when a cell is damaged, cell cycle
arrest occurs with initiation of mechanisms for DNA repair, or, if the damage cannot be
repaired, induction of programmed cell death (apoptosis) (44). By inhibiting the expression
of tumor suppressor genes, cancer cells with DNA mutations can continue to proliferate,
acquire new gene mutations, become less differentiated, and avoid apoptosis (44). The most
commonly inactivated tumor suppressor gene in cancer cells is p53 which is seen in many
different types of tumors (66). Inactivation of p53 can lead to loss of tumor suppressor
function, loss of mutational repair, increased drug resistance, increased tumor angiogenesis,
cell proliferation, and inhibition of apoptosis (41, 45). In vitro and preclinical in vivo tumor
models have shown reversal of these effects and induction of apoptosis after p53 gene
transfer to tumor cell (45). Phase I-II clinical trials evaluating p53 transfer have shown
excellent safety profiles with some reports of p53 mediated tumor regression/growth arrest

and increased effectiveness of radiation therapy and chemotherapy (45, 67, 68).
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During fetal development, the expression of proto-oncogenes is required for various
organs development. Afterwards, proto-oncogenes are silenced to prevent abnormal tissue
growth. By activating and amplifying proto-oncogenes (called oncogenes) cancer cells can
undergo unregulated proliferation (44). Among the most important oncogenes alterated in
human tumors are the genes ras, c-myc, c-erbB-2, abl, and bcl-2 (45). The targeted
disruption of tumor oncogenes is a form of cancer gene therapy being researched, and can be
accomplished either by reduction of mRNA translation into protein or by inhibition of
oncogene transcription into mRNA (42, 44). Translation can be blocked by using antisense
oligonucleotides; short single-stranded nucleic acid (DNA, RNA or a chemical analogue)
designed to hybridize to complementary mRNA sequences encoding target protein,
effectively turning that gene "off", as mRNA must be single stranded for translation. The
double-stranded RNA complexes are subsequently destroyed by intracellular enzymes (44,
69). Transcription can be blocked by using DNA oligonucleotides designed to bind to
specific oncogene promoter regions, forming triple helix structures that prevent oncogene
transcription (44, 70, 71). Several phase I studies targeting ras, c-myc, c-erbB-2, abl, and
bcl-2 genes have been carried out or are in progress, and a trial using an antisense
oligonucleotide against bcl-2 reported negligible toxicity and several clinical responses in
nine patients who had relapsed non-Hodgkin lymphoma (45, 72). Another technique
targeting oncogene mRNA uses specialized RNA molecules called ribozymes that bind and
cleave targeted mRNA sequences, preventing subsequent gene translation. A variety of
mRNAs over-expressed in leukemias, gliomas, breast, prostate, gastric, and ovarian cancers

have been targeted with specially designed ribozymes (44, 73-75).
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CANCER GENE THERAPY - ANTIANGIOGENESIS

Proliferation of cancer cells is associated with vasculature growth from existing blood
vessels (i.e. angiogenesis) because tumor growth and survival depends on angiogenesis to
provide oxygen and nutrients to cancer cells (76). Interfering with this process could arrest
tumor growth and induce cell death. Gene therapy strategies have been developed to impede
tumor angiogenesis with the main approaches involving inhibition of angiogenesis inducers
such as vascular endothelial growth factor (VEGF) and angiopoietin or introduction of
angiogenic inhibiters such as angiostatin, endostatin, interleukin-12 and p53 (42, 77). For
example, no tumor growth was observed when 90— 100% of hepatocellular carcinoma cells
were transduced in vivo with the angiostatin gene (78), and significant tumor regression was
reported when only 5% of human breast cancer cells were transduced in vivo with the p53
gene (79). In the latter study, tumor regression was associated with 60% reduction in blood
vessels. Hypoxia inducible factor-1 (HIF-1) is a transcription factor induced by low oxygen
concentrations, as well as additional tumor microenvironment effects, that can stimulate
angiogenesis via VEGF induction (80-83). HIF-1 (alpha subunit) over-expression has been
reported in a broad range of human cancers (colon, brain, breast, prostate, cervical,
esophageal, gastric, oropharyngeal, and ovarian) and is correlated with treatment failure and
mortality (44, 84, 85). Gene therapy using antisense oligonucleotides to HIF-1a targeted
antisense oligonucleotide gene therapy was found to down regulate VEGF, decrease tumor
microvessel density, and cause rejection of lymphomas in a mouse model (86). The easy
accessibility to blood vessel endothelial cells and its applicability to different tumor types are

advantages of the antiangiogenesis cancer gene therapy approach (42).
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CANCER GENE THERAPY — CONDITIONALLY REPLICATIVE ONCOLYTIC
VIRUSES

Conditionally replicative oncolytic viruses exploit the cytolytic capacity of virus.
Viruses induce cell death by cytolysis as part of their normal life cycle (87). In cancer gene
therapy, replication is selectively induced in tumor cells by controlling expression of early
viral genes needed for replication with tumor-specific/tissue-specific or inducible promoters
(88, 89). Thus, oncolytic viruses can multiply selectively within cancers, causing cell death
and release of its progeny viral particles that can then infect neighbouring cells. During
natural infection, viruses subvert the same tumor suppressor and cell defense mechanisms
that are lost in carcinogenesis (21). The first formal clinical trials tested the E1B-55K deleted
adenovirus Onyx-015. The adenovirus early protein E1B binds and inactivates the host cell’s
p53 protein to promote its own replication (90). In p53 positive cells, adenoviruses without
E1B are incapable of replication. It was hypothesised that Onyx would replicate selectively
in p53 negative tumor cells. Khuri et al. reported better overall tumor response rate,
complete response rate and time to tumor progression rate after combined chemotherapy and
Onyx treatment compared to chemotherapy alone (91). However, after completion of
approximately 15 clinical trials using Onyx, single agent activity has been shown to be poor,
with minimal systemic efficacy, and p53 status was unrelated to Onyx activity (21). Three
clinical trials have been completed in hormone-refractory prostate cancer using
transcriptionally regulated adenoviruses, with the prostate-specific antigen (PSA)
promoter/enhancer elements driving E1 expression. CV706 and CG7870 were administered
intratumorally and intravenously respectively with no significant toxicities and some

transient PSA responses (92). These initial phase one trials confirmed replication safety and
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suggested efficacy. In one study, 20 men with locally recurrent prostate cancer who had
failed radiation therapy received single injections into the prostate of CV706 (93). Thirteen
patients experienced more than a 30% decrease in PSA levels , and five patients receiving the
highest doses had more than 50% decrease in PSA, suggesting efficacy. Several oncolytic
viruses have been tested in clinical trials, with impressive safety records. All can induce anti-
tumor responses after direct injection, but systemic activity remains a challenge (21).
Strategies for the future will include arming viruses with transgenes that increase virus
production or cellular spread and combining oncolytic virus with chemotherapy and/or
radiotherapy.

An extensive variety of gene therapy strategies for cancer treatment have shown
impressive preclinical success. However, with a few exceptions, the difficulty has been in
translating this preclinical success into effective clinical therapies. As with gene therapy in
general, there remain many challenges to overcome before the goal of cancer gene therapy is
fully realized. In particular, two major challenges for gene therapy strategies directed at
cancer treatment are the need for 1) targeted transgene expression, (94-96), and 2)
noninvasive evaluation of transgene expression (28, 97-99).

TARGETING TRANSGENE EXPRESSION

One of the main limitations in cancer gene therapy is the inability to target transgene
expression to the tumor cells, while limiting or excluding expression in normal cells.
Achieving tumor cell targeting of transgene expression is extremely important for successful
cancer gene therapy strategies where the goal is often to introduce a therapeutic cytotoxic

gene specifically to cancer cells. Effective targeting of cancer cells increases the therapeutic
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window and chance of successful treatment, and it is essential for safe and effective in vivo
human gene therapy (94-96).

Many strategies have been used in an attempt to target transgene expression to
specific cell types in vivo. This can involve the use of viral vectors or non-viral vectors
(including naked DNA such as plasmids or antisense oligonucleotides, cationic liposomes,
cationic polymers). Targeting approaches involve targeting at either the level of gene
delivery by selective vector infection of target cells or at the level of gene expression with
selective transcription induction within target cells (96)

Targeting at the level of gene delivery can involve physical, passive or transductional
delivery of nucleic acids. Physical targeting utilizes physical forces such as mechanical
force, hydrodynamic pressure, electric or magnetic fields and light or thermal effects (100).
Passive targeting exploits the enhanced permeability and retention effects characteristic of
solid tumor microenvironments (101), while transductional targeting employs specific
ligand-receptor interactions that distinguish target cells from non-target cells (94, 102).
PHYSICAL TARGETTING

Physical targeting relies on the spatial focus of physical methods to enhance nucleic
acid delivery at a specific site. These methods include direct injection of nucleic acid, the
gene gun, electroporation, magnetofection, ultrasound and hyperthermia (100, 103). Initially,
targeting transgene expression locally to tumor cells was attempted with intratumoral
injections of the gene therapy vector. However, systemic vector leakage has been reported
following intratumoral injection which can lead to potentially toxic systemic levels of
transgene product (61, 62). The gene gun uses DNA coated microscopic gold beads that are

shot into the target tissue with a helium gas propelled gun and is often used in DNA
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vaccination and cytokine gene therapy applications (100, 104). In vivo electroporation is a
technique involving the application of electrical pulses to target tissues after local nucleic
acid administration to enhance their cellular uptake (103). It is thought that cell membranes
are destabilized following electric stimulus allowing direct passage of the nucleic acid into
the cytoplasm and avoiding the endocytosis pathway (105). Magnetofection is a technique in
which nucleic acid is reversibly attached to superparamagnetic nanoparticles and a high
energy magnetic field is applied to focus the particles to the target tissue (106). Sonoporation
is a term referring to ultrasound mediated increase in cell permeability and is used for gene
delivery after intratumoral gene injection (107). It is assumed that the formation of short-
lived pores in the plasma membrane (up to 100 nm in effective diameter) associated with
acoustic cavitation is the dominant mechanism (108). Ultrasound waves cause microbubbles
to cavitate as a result of the interaction between ultrasonic waves and a gaseous inclusion in
an aqueous medium (109). Ultrasound enhanced gene transfer (UEGT) has also been
successfully achieved in vivo, with reports of spatially restricted and therapeutically relevant
levels of transgene expression (108, 110-112). Finally, it has been demonstrated that the
application of heat at target sites increase the permeability of tumor vessels and the
extravasation of liposomes out of the tumor microvasculature (113-115). The combination of
nonviral gene therapy vectors with hyperthermia was recently initiated with encouraging
results in vitro (116).
PASSIVE TARGETTING

Passive targeting of nucleic acids to tumors takes advantage of unique biological and
physiological characteristics of solid tumors. Unrestricted tumor cell proliferation results in

the need for a tumor to develop its own blood supply. It does this through angiogenesis in
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which new capillaries are developed from a previously established network (83). However,
newly formed blood vessels in tumors are abnormal with blood vessels displaying severe
structural and functional abnormalities. They are characterized as having a chaotic vascular
geometry with hyperpermeable vessels due to incomplete vessel linings and basement
membranes (117-119). The imperfect and leaky tumor vasculature combined with an
inadequate lymphatic drainage results in an effect termed “enhanced permeability and
retention” (EPR effect) (101). This EPR effect can allow preferential accumulation of
sufficiently long circulating, shielded (lipid-based or polymer-based systems) particles in
tumor tissue (100). Passive targeting involves exploiting the enhanced permeability and
retention effect in tumor vasculature for tumor-selective macromolecular drug targeting.
TRANSDUCTIONAL TARGETTING

Transductional targeting involves imparting to a gene delivery vector the capacity to
distinguish target cells from non-target cells using ligands directed to receptors specific for
the target tissue (34, 94, 120). There has been substantial progression in the development of
targeting technologies in recent years for several types of vectors, particularly viral vectors
(94), which have been used in 67% of gene therapy clinical trials as recently reported (6).
Although there has been some promising preclinical results using non-viral vectors, they
present greater challenges with regard to gene-transfer efficiency. However, non-viral
vectors can be retargeted by incorporating ligands into their lipid or protein shells, and the
targeting approaches discussed below are also likely to be applicable to non-viral vectors
once their efficiencies approach those of viral vectors (94). A major technical challenge in
facilitating transductional targeting is that the native tropism of the virus often does not meet

the therapeutic need. A viral vector may be inefficient in transducing the types of cells

22



needing treatment or may be too efficient in transducing a broad range of cells, which may
result in deleterious effects if the therapeutic gene is delivered to unintended cells. Thus, the
safety and efficacy of gene transfer can potentially be improve with ligand-directed targeting
(94, 120). Most progress in targeted vector development has been achieved using
adenovirus, adeno-associated virus (AAV) and retroviruses (particularly lentiviruses), and
the technical difficulties encountered in the development of targeting methods are similar for
most viral vector systems. The main approaches that have been applied to transductional
targeting of vectors include vector targeting by pseudotyping, vector targeting using
adaptors, and vector targeting by genetic incorporation of targeting ligands (94).
Pseudotyping was the first method used to alter viral vector tropism and involves
transferring viral attachment proteins either between strains within a family of viruses or
between virus families (121). Pseudotyping can be achieved by co-transfection of plasmids
(one plasmid encoding the attachment protein to be pseudotyped and separate one encoding
all other vector components), expression of the viral attachment protein in trans from the
production cell line, or genetic incorporation of the viral attachment protein into the viral
genome (94). Pseudotyping is often used with retroviral vectors to improve their host cell
range (121, 122). The most widely used retroviral vector pseudotypes are those that
incorporate the attachment glycoprotein of the vesicular stomatitis virus (VSV-G) (94). This
modification results in the production of high-titer vector stocks and confers a broad host
range. With pseudotyping, it is technically easier to manipulate binding specificity without
negatively impacting the efficiency of cell transfection. However, the number of
pseudotypes for which receptors are expressed exclusively and abundantly on target cells is

limited. To overcome this limitation by genetic modifications requires extensive viral
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structural knowledge since modifications to vector structure could be detrimental to vector

production or gene transfer (94).

Vector targeting can also be achieved using adaptor systems. Adaptor systems are
two-component systems that involve a bifunctional adaptor or bridging molecule that binds
to the viral attachment protein and the receptor on the target cell (123-125). Different types
of adaptor systems include: receptor—ligand approach in which a native viral receptor is fused
to the targeting ligand (94, 126, 127); bispecific antibody approach in which two antibodies
are coupled, with the resulting molecule having specificity for the vector and the target (94,
128, 129); chemical linkage approach where the targeting moiety is bound to the vector by
chemical means (94, 130, 131); avidin—biotin approach exploits the strong bond between
avidin and biotin where biotin is coupled to the vector and then bound to the avidin— ligand
complex (94, 132-134); antibody approach where antibody binds to a genetically
incorporated immunoglobulin binding domain of the vector (94, 135, 136). As an example
of an adaptor system, an adenoviral antibody may be fused to a targeting ligand, (such as
epidermal growth factor - EGF), of a specific cell receptor on the target cells (EGF receptor
which is over expressed in many cancers). The antibody-ligand fusion protein binds to the
adenoviral vector fiber and blocks interaction with cellular coxsackie-adenovirus receptors
(CAR). The ligand fused to the antibody then redirects the viral vector to cells expressing
that ligand’s receptor (EGF receptor) (34). Advantages of the adaptor approaches include its
great flexibility allowing different adaptors to be easily coupled to the same vector, and the
fact that it does not require changes in vector structure that could result in unfavorable effects
on vector production or gene transfer (94). Adaptor systems allow easy screening of several
target receptors, which makes them particularly useful for preclinical feasibility studies
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(137). One disadvantage of adaptor systems that might limit their clinical use for gene
therapy concerns the potential for suboptimal stability of the vector—adaptor complex in vivo,
resulting in the dissociation of adaptor from vector. The strong binding avidin— biotin
complex and chemical conjugation are thought the least likely to be affected by this (94).
Also, since two molecules must be produced separately, the adaptor approach is considered
more cumbersome for clinical applications, and the adaptor and the virus are considered to be
separate drugs by regulatory agencies making it more difficult to get approval for use in

clinical trials (94).

Genetic systems used for vector targeting incorporate a polypeptide into the vector by
genetic means to facilitate transduction. The genetic incorporation of targeting ligands into
viral vectors avoids the potential complexities of adaptor systems. Genetic systems are
single-component systems that produce a single virus molecule that recognizes the target
cell. While more technically challenging than the use of adaptors, single-component systems
overcome the regulatory issues of two-component systems and facilitates high-titer
production by eliminating the need to create a separate adaptor molecule (94). Different
approaches to vector targeting by genetic incorporation of targeting ligands include: serotype
switching by using a different serotype from within the same virus family (94, 138, 139);
small targeting motifs in which small peptides are inserted into the capsid or viral attachment
protein (94, 140-142); single-chain antibody that is incorporated into the viral attachment
protein (94, 143, 144); mosaic viral attachment proteins involve combining two viral
attachment proteins with different properties, allowing targeting, production or imaging in
parallel (94, 145, 146); and ablation of native tropism by mutation of the amino acids
responsible for native tropism (94, 147, 148). As an example, genetic modification of the
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adenovirus receptor-binding knob domain can achieve CAR-independent binding to tumor
associated receptors. Studies have utilized a truncated CAR as a knob binding component in
a single recombinant fusion molecule of truncated-CAR fused to EGF to direct vector to
target cancer cells over expressing the EGF receptor. Also, the complete knob can be deleted
and replaced with a retargeting ligand, or other adenovirus capsid proteins can be genetically

modified, such as the pentose base or hexon, in attempt to redirect vectors to target cells (34).

TRANSCRIPTIONAL TARGETTING

A second strategy used to target transgene expression to specific cell types in vivo is
directed at the level of gene expression with selective transcription induction within target
cells (27, 95, 149, 150). While transductional targeting approaches attempt to increase vector
delivery to target cells and reduce gene transfer to non-target cells, transcriptional targeting
does not change the tropism of viruses but instead restricts transgene transcription induction
to target cells. As has been demonstrated with many promising delivery systems, there will
be some unavoidable gene delivery to local and distant normal tissues (149). Therefore,
additional targeting methods are necessary to ensure that gene delivery to non-target tissues
does not result in significant gene expression and potential toxicity. Transcriptional targeting
is achieved by placing the viral gene or transgene under control of a tissue-specific, tumor-
specific or inducible promoter, allowing very tight control of gene expression at the
transcriptional level. The viruses are able to infect various cell types, but the viral genes or
transgene are expressed only in the cell types that actively express the transcription factors
needed for the promoter activity.

Transcription of a therapeutic gene in a tissue-specific manner can be achieved by
utilizing tissue-specific transcriptional control elements present in the various cell types (for
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example, hepatic, melanocyte, neuronal). Likewise, therapeutic gene transcription in a
tumor-specific manner can be achieved by employing tumor-specific promoters/enhancers
that are activated either in the malignant process or as a result of being exposed to an
unfavorable tumor-associated microenvironment (for example, hypoxia) (150). The use of
tissue and tumor specific cellular promoters usually results in the constitutive expression of
the transgene in the target tissue. However, it may be preferable to more tightly regulate the
duration and level of transgene expression for some therapeutic strategies. This may be
achieved by the use of exogenously controlled cellular promoters that are induced to drive
transgene expression in target cells under certain conditions. Examples include promoters

induced by ionizing radiation, heat, and systemically administered small molecules (150).

While most of the cells in the body have the same genotype, there are often
considerable differences in cellular phenotype as the result of differences in patterns of gene
expression in the cells belonging to the various tissues. Certain tissues express proteins,
which are, more or less, specific to that tissue and the promoters that switch on these genes
have been called tissue specific promoters (TSP) (102, 149). Some well characterized tissue
specific promoters and their target tissues include: tyrosinase promoter
(melanocyte/melanoma) (151-156); prostate-specific antigen, probasin, human glandular
kallikerin (prostate/prostatic carcinoma) (157-162); myelin basic protein, glial fibrillary
acidic protein, myelin proteolipid protein (glial/glioma) (163-166); albumin
(liver/hepatocellular carcinoma) (167-169); thyroglobulin (thyroid/thyroid carcinoma) (170-
172). In the context of cancer treatment, one of the main limitations of tissue-specific
promoters is that transgene expression may lead to cytotoxic effects in normal as well as

tumor tissue derived from that same cell type (150). Therefore, if employing tissue-specific
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promoters for cancer gene therapy, the target tissue (for example, prostate, melanocytes,
breast or thyroid) must be expendable due to potentially significant normal tissue toxicity
(173). Whereas if the tissue/organ is critical (liver or neuronal tissues), a similar approach
could cause significant damage with potentially devastating consequences (149). In those
cases, additional levels of targeting are necessary such as the direct delivery of the transgene
to the tumor or the use of retroviral vectors that do not efficiently infect non-dividing cells,
such as the liver and neural tissue (150). Also, use of a tissue-specific promoter does not
guarantee transgene expression will be exclusively limited to the target tissue, and depending
on the transgene being used, low level background gene expression in other tissues may be

associated with toxic side effects (149).

Tumor specific promoters include certain promoters that are either silent or have very
low background activity in normal tissues but are highly active in tumors. Tumor-specific
promoters have been described in the following subgroups (149, 150): promoters considered
cancer-specific, that show no tissue specificity but are specific for the malignant process;
promoters considered tumor-type specific that encode oncofetal antigens and are related with
tissue specificity; promoters responsive to conditions associated with the tumor
microenvironment (hypoxia and glucose regulated); promoters that are more active in the

tumor vasculature compared to normal vasculature.

Cancer-specific promoters are associated with certain genes that are up-regulated as
part of the malignant process in a broad range of tissue nonspecific tumors. As such, cancer-
specific promoters may provide the opportunity to target therapeutic genes to a wide variety
of tumor types (173). The development of generic cancer specific vectors would offer

potential for targeting a wide range of different tumor types without the need to design
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unique promoters on an individual, patient by patient, basis (149). The telomerase gene is
probably the only gene currently that can be classified as cancer specific. Not expressed in
normal tissues (except germ cells and stem cells), telomerase is abnormally reactivated in all
major cancer types (174-176). Telomerase enables tumor cells to maintain telomere length
and circumvent the process of senescence, whereas normal cells senesce after a set number of
population doublings. The human telomerase reverse transcriptase subunit (WTERT)
promoter is being used to drive the expression of transgenes selectively in a wide variety of
tumor cells (176-178). The apoptotic pathway was successfully targeted in vivo using Bax as
a transgene, driven by the hTERT promoter (179, 180). The expression of transgenes
necessary for viral replication has been controlled by hTERT promoter for selective
replication of oncolytic viruses in tumor cells (181). The hTERT promoter was recently used
to drive expression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) in
human pancreatic tumors in the livers of nude mice, which was associated with suppressed

tumor growth and no liver toxicity (182).

Tumor-type specific promoters encode oncofetal antigens which are expressed during
fetal life as a part of normal development but which are silenced in normal adult tissues.
However, in certain malignant conditions, these proteins can be re-expressed (183). The best
characterized promoters of these tumor-specific genes are carcinoembryonic antigen (CEA),
which is expressed by a number of adenocarcinomas including colorectal, breast and lung
cancers, and alpha fetoprotein (AFP), which is expressed by hepatocellular carcinomas and
malignant testicular teratomas (149, 150). There are many other genes that are
overexpressed in certain tumor types (150), and their promoters are also being evaluated for

transcriptional regulation of therapeutic gene expression. Other tumor-specific promoters
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that have been identified and extensively evaluated include: MUCI (breast,
cholangiocarcinomas, ovarian) (184-186), ErbB2 (breast, pancreatic, ovarian) (186-188), and
osteocalcin (prostate, ovary, lung, brain, ostoblasts) (150, 189, 190).

Tumor specific promoters can also include promoters that respond to the tumor
microenvironment and physiology. Many aspects of the tumor microenvironment are unique
and present opportunities to specifically target tumor tissue (191). Tumor hypoxia is a
common characteristic of many tumor microenvironments due to the defective blood vessel
network that exists in tumors as a result of accelerated growth (192, 193). For tumors to
grow, they must stimulate angiogenesis which requires the proliferation of endothelial cells.
A number of genes have been reported to be upregulated in proliferating endothelium of
tumor blood vessels. The endothelial-specific kinase insert domain receptor (KDR/flk-1)
(194-197) and E-selectin (194, 196, 198) have been shown to be upregulated in tumor
endothelium, and regions of these promoters have been used for targeting transgene
expression to the tumor vasculature. Targeting the tumor vasculature, could potentially lead
to the death of a large number of dependent tumor cells in a type of anatomical bystander
effect (149). The promoters of human preproendothelin-1 (199-201) and human von
Willebrand factor (202) have also been used to drive transgene expression selectively in
proliferating endothelial cells (150). Genes involved in angiogenesis, anaerobic metabolism,
vascular permeability, and inflammation are activated in response to hypoxia (192).
Transcription is usually initiated by the binding of the transcription factor hypoxia-inducible
factor (HIF) to hypoxia responsive elements (HREs). Hypoxia-targeting of gene therapy to
induce selective transgene activation within hypoxic tumor regions has been evaluated by

utilizing promoters containing HREs (193). Hypoxia response elements found within the
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hypoxia-responsive genes of vascular endothelial growth factor (VEGF) (203-206),
erythropoietin (Epo) (207) and phosphoglycerate kinase-1 (PGK-1) (208) have been tested
for their use in targeted cancer gene therapy. Targeting the hypoxic population of tumor cells
is attractive since they are inherently resistant to radio- or chemotherapy (209), and increased
expression of HIF-1 and its target genes appear to play a critical role in the malignant
progression of tumors (84, 85). Finally, in addition to oxygen starvation due to the abherrent
tumor vasculature, tumors can also be deprived of glucose resulting in increased expression
of genes involved in glucose metabolism. The GRP78 promoter (210-213) and hexokinase II
promoter (214) associated with glucose metabolism are also being used to drive transgene
expression specifically within a tumor.
INDUCIBLE PROMOTERS

Some general problems with the use of tissue and tumor specific promoters are the
challenge of identifying unique promoters for different tissue or tumor types, the relative
weakness of existing promoters, the lack of clear restriction of gene expression to the target
tissue (referred to as promoter “leakiness”), and the lack of temporal control of transgene
expression (60, 96, 149, 173). Therefore, inducible promoters in which the transcription of
transgenes introduced into cells can be controlled by administration of external physical or
chemical agents have gained attention as mediators of transient transgene activation. These
systems, often referred to as “gene switches” (149), are particularly valuable for the temporal
control of gene expression. A number of agents including drugs, radiation and heat, can be
used to control these switches (173).

One strategy for an inducible transgene expression system requires chemical signals

where small molecules are used to selectively activate genes that have been delivered by
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virus injection into target tissues. The tetracycline inducible or suppressible gene expression
systems (Tet-ON or Tet-OFF) is the most widely evaluated chemically inducible system and
is based on the bacterial tetracycline operon (95). Tetracycline is nontoxic at doses required
for gene activation and it is rapidly metabolized and cleared from the body, properties that
make it an ideal drug for an inducible system (95). Two different forms of the Tet repressor
exist due to allosteric changes that alter their DNA binding properties, and as a result, the two
different repressors respond differently to the binding of tetracycline. When tetracycline is
present in cells the Tet-OFF system is silent, but when tetracycline is withdrawn from the
cells, 2-5-fold induction of transgene expression can be attained (215, 216). The Tet-ON
system is only active when tetracycline is present in the cells with up to 1,000-fold induction
of transgene expression reported after addition of tetracycline to cells in vitro (217). Other
chemically-based inducible systems that have been evaluated include muristerone (218),
mifeprestone (219), and rapamycin (220).

Inducible gene expression systems that are based on external physical agents have a
unique advantage over other regulatable gene expression systems in the ability to focus the
inducing agent in a spatially defined manner. When evaluating chemically inducible
promoters, gene expression is usually targeted through intratumoral vector injection.
However, as previously stated, vector dissemination into the systemic circulation has been
reported with this approach (62, 221). Systemic injection of the promoter-activating agents
of chemically induced promoters does not permit correction for leakage of vector outside of
the target tissue and can lead to ectopic expression of transgene in distant organs, such as the

liver, spleen and lung (60, 221). To acquire tumor specific transgene expression using
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chemically induced promoters it is likely necessary to target the virus to specific cell types by
incorporating a targeting delivery technique (222).

The physical inducing agents that have been most evaluated for gene therapy are
radiation and hyperthermia. Exposure of cells to ionizing radiation is associated with the
transcriptional activation of a variety of genes driven by a radiation-inducible promoter,
including, c-jun, NFB, EGR1, and p21 WAFLICIPL (150).  Radiation can be delivered in a way
that allows precise spatial and temporal control of transgene expression (223). Most work
has been performed with the early growth response (Egr-1) promoter which binds to DNA
through specific CC[A/T]¢GG (CArG) domains (224, 225). Radiation-mediated gene
therapy has included strategies involving placing the radio-sensitizing cytokine TNF-a gene
(226-228) and the HSTK therapeutic suicide gene (229, 230) under the control of the Egr-1
promoter . Combined treatment with Egr-1 promoter-driven TNF-a expression and
fractionated radiotherapy resulted in increased tumor control without increased toxicity in a
prostate cancer xenograft model (231). In vivo data have also been presented for the
combination of Egr-1 promoter-driven HSVtk expression and radiation in a hepatocellular
carcinoma model (232).

HEAT SHOCK PROTIEN PROMOTER

The heat shock response provides another opportunity for an inducible promoter.
Heat shock response is an evolutionarily conserved response to cellular stresses that involves
the rapid and transient induction of cytoprotective proteins (heat shock proteins - HSP) (233).
While heat application induces the most robust heat shock response, cellular stresses other
than heat can also activate the heat shock response. These stressors include oxidative stress,

hypoxia, ischemia, acidosis, cytokines, fever or inflammation (60, 221). Most tumor
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microenvironments have many features that would lead to the induction of HSPs, including
having areas with hypoxic and acidic conditions, tissue damage, inflammation and cell death.
All these factors can induce the expression of HSPs in a tumor, and in fact, heat shock
proteins have been found to be expressed or overexpressed in many types of tumors (234,
235).

Heat shock proteins are also transcriptionaly regulated by a variety of physiologic
processes not typically associated with cell stress such as the cell cycle, cell proliferation and
differentiation, growth factor activity, tissue development and hormonal stimulation (234,
236). In addition, HSP expression is modulated by many of the conditions leading to
apoptosis. Thus, the increased cellular proliferation, with cell cycle and apoptotic pathway
deregulation, present in tumors may induce HSP expression.

For tumor growth and survival, there are advantages to having HSP overexpression.
Apoptosis resistance and tumor cell survival have been associated with high expression
levels of HSPs (237). HSPs associate with key apoptotic proteins at multiple levels in both
the intrinsic and extrinsic apoptotic pathways. HSPs can inhibit the activity of pro-apoptotic
Bcl-2 proteins and prevent caspase activation and induction of apoptosis. Thus, HSPs
coordinated modulation of multiple events within the apoptotic pathways help sustain cell
survival (238). Studies have shown that a decrease in HSP 70 levels achieved with antisense
HSP70 inhibits proliferation and induces apoptosis in tumor cells (235). In addition, HSPs
are involved in the phenomenon of thermotolerance in which cells exposed to nonlethal
elevated temperatures acquire a transient resistance to a subsequent heat shock. In particular
HSP 70 has been shown to have a specific role in thermotolerance and to confer a

cytoprotective effect against cell death in certain tumor cells (239).
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For the cancer cell, the main disadvantage of HSP overexpression is the
immunologic properties HSP possess that can induce specific protection against cancer (240-
242). Observations in animal tumor models have demonstrated the importance of molecular
chaperones in tumor recognition and subsequent tumor regression (235). Some immunologic
characteristics of the HSPs include the following (242): HSP 70 participates in anti-tumor
immune responses as a carrier of antigenic tumor peptides and interacts with professional
antigen presenting cells (APC); HSP-peptide complexes can be cross-presented to CD8+ T
cells through the endogenous MHC-I pathway of professional antigen-presenting cells; HSPs
can induce dendritic cell maturation and pro-inflammatory cytokine release by APCs .
Finally, the ability to stimulate the innate immune system is independent of the peptides they
carry, which defines the HSPs as natural endogenous adjuvants (242).

The heat inducible hsp70 promoter has been found to be one of the most efficient
inducible regulatory systems (222, 243, 244). Strategies combining hyperthermia with gene
therapy by using the promoter of the HSP 70 gene have been developed to selectively
activate therapeutic transgenes expression following hyperthermia treatment, allowing
control of the location, duration and level of transgene expression. Advantages of the heat
inducible promoter system over radiation inducible promoters systems are the ability to
safely administer the hyperthermia treatment, minimal baseline transgene expression and
strong induction of transgene expression at 300-1000 fold over background and in a heat
dose dependent manner (60, 61, 245). Whereas, the ERG-1 promoter that is induced by
ionizing radiation (a carcinogen) has high baseline transgene expression, is only inducible
10-fold in vitro without additional modification, and requires a high, single radiation dose

(223, 224). No long-term side effects have been observed in more than 20 years of
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hyperthermia use in experimental cancer treatment at temperatures in the range shown to be
most effective for heat-induced transgene expression (60). Therefore, the heat inducible

promoter system is potentially suitable for treatment of diseases other than cancer.

The HSP70B promoter has been used to drive expression of suicide gene (HSV- tk)
therapy where significant tumor regression was observed in HSP-tk-transduced tumors
following hyperthermic therapy and injection of ganciclovir (246). An HSV-tk/cytosine
deaminase (cd) fusion gene and replication-competent E1B-attenuated adenoviral vector
effectively suppressed tumor cell proliferation by the cytopathic effect of the virus and
cytotoxicity in the presence of the prodrugs (247). Also, combined treatment using both cd
and tk suicide genes controlled by hsp70 promoters was shown to be highly effective against
heat- and radiation-resistant breast tumor cells (248). An adenovirus vector expressing heat
induced antisense KU70 RNA effectively attenuated KU70 protein expression in FSA-II
tumors as well as significantly radiosensitized the tumors (249). Several studies have also
been published on the use of heat-inducible IL-12 genes (60-62, 250). In one such study,
injection of an adenoviral vector containing a heat-inducible IL12 gene into a mouse
melanoma model in combination with hyperthermia resulted in significant tumor growth
delay (60). Adenovirus mediated intratumoral expression of IL-12 under the control of a
HSP70B promoter in combination with hyperthermia resulted in an improved response to
radiotherapy without apparent systemic toxicity in another study (61). Use of an inducible
system in which expression can be modulated in vivo is critical for the advancement of
cancer gene therapy in human patients. This heat inducible expression system has great
potential to enhance gene therapy of many diseases where localized or transient therapeutic

gene expression is desired.
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NON-INVASIVE MONITORING OF TRANSGENE EXPRESSION

In addition to the need for targeted transgene expression, the need for in vivo, non-
invasive monitoring of transgene expression is another major problem hindering the clinical
progression of cancer gene therapy. Currently, in the clinical setting, techniques to determine
transgene expression are difficult to perform because they involve unacceptable repetition of
invasive procedures and provide only very limited information since they do not allow for
evaluation of transgene expression throughout the body (251). Improved in vivo imaging
modalities that accurately detect the location, magnitude and temporal change of transgene
expression will greatly facilitate the transition of preclinical animal studies to human clinical
trials (97, 98, 252-255).

Since most therapeutic genes have no ligands or substrates for direct imaging
analysis, techniques for indirect monitoring of therapeutic gene expression with the use of
reporter genes coupled to therapeutic genes have been developed. Several imaging
modalities have been utilized to detect various reporter gene products with most work
involving the following three non-invasive imaging technologies (98, 99, 253, 256): 1)
nuclear imaging (positron emission tomography (PET), single proton emission computed
tomography (SPECT), gamma camera and autoradiography) (28, 257, 258), 2) magnetic
resonance imaging (259-261), and 3) optical imaging (262, 263). Each imaging modality has
its own advantages and disadvantages. For example, in vivo optical imaging using green
fluorescence protein or luciferase as reporter genes is quite sensitive and relatively
inexpensive, but is largely limited to imaging small animals (mice/rats), due to tissue
absorption of visible photons, and it lacks tomographic resolution (253, 256). Magnetic

resonance has the advantage of very high spatial resolution of approximately S0um
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compared to optical imaging (3-5 mm) and SPECT/PET (1-2mm), but is expensive and
currently more limited with respect to the number and variety of molecular and reporter gene
assessments (256, 264). Nuclear imaging has the benefit of high sensitivity and tomographic
capability with relatively easy quantification of signal information that can be directly
transferable to large animals and humans (253, 264). Compared with gamma camera and
SPECT imaging, PET is considered a superior detection technique with respect to sensitivity,
resolution and quantification (265). However, PET nuclear imaging technology can also be
very expensive, requiring a cyclotron and radiochemistry resources (256).

REPORTER GENES

Nuclear imaging methods have been used for noninvasive imaging of gene transfer in
numerous animal models. Intravenous injection of a radiotracer results in its accumulation at
sites of reporter gene expression that can then be detected using gamma camera, SPECT or
PET imaging techniques. Among the genes that can serve as radiologically detectable
reporters, the human type 2 somatostatin receptor (hSSTr2), the herpes simplex virus type 1
thymidine kinase (HSTK), the type 2 dopamine receptor (D,R) and the sodium iodide
symporter (NIS) have been most intensively investigated (98, 253, 266).

Reporter genes can be placed in three broad categories: enzymes (HSTK), receptors
(hSSTr2, D,R) and transporters (NIS). HSTK is one of the most widely used reporter genes
for gene therapy imaging (253, 267). The first report on imaging expression of successful
gene transduction in vivo involved the use of a recombinant retrovirus containing the HSTK
reporter gene (257). HSTK is a model for enzyme-based reporter systems where the reporter
gene encodes an enzyme that chemically modifies the signal substrate (probe), fixing its

biodistribution. A single molecule of reporter enzyme can interact with many probe
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molecules, thereby multiplying the signal (268). HSTK has been investigated using various
fusion proteins and bicistronic vector constructions, and specific accumulation of its
substrates (acycloguanosine and uracil nucleoside derivatives) has been demonstrated in
HSTK expressing cells (267, 269-274). Two studies have recently demonstrated direct
correlation between HSTK and D;R reporter gene expression, and HSTK and luciferase
reporter gene expression (275, 276).

The NIS is probably the best model for transporter-substrate reporter systems where
the transporter concentrates the signal substrate within a cell but does not chemically alter the
substrate (268). Endogenous expression of the NIS is mainly in the thyroid, although lower
levels of expression are present in the salivary glands, stomach, thymus, and a few other
tissues (267). Several early studies demonstrated NIS gene expression using '’I or " TcOy4
as imaging agents with y scintigraphy in xenograft tumors transduced with the NIS gene
(277-279). Recently, the NIS was used as a reporter gene to noninvasively image therapeutic
gene (p53 or MnSOD) transfer using a duel-expressing adenoviral vector in vitro. Results
showed a direct positive correlation between therapeutic gene expression and NIS function
(253).

The D,R and hSSTr2 genes are examples of reporter genes that encode for a cell
membrane receptor. Inthe receptor—ligand reporter model, one signal molecule (the ligand)
binds with high affinity to the reporter receptor, which has a stationary biodistribution over
the period of imaging. Unlike enzyme systems, there is a fixed stoichiometry determined by
the number of receptors available, and thus, high specificity and affinity of the receptor—
ligand interaction along with receptor density are key determinants for success with this type

of reporter imaging (268). DR has limited expression in the body, mainly in the nigrostriatal
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system of the brain. In vivo studies have demonstrated that tumors expressing the transfected
D2R reporter gene retain significantly more radiolabeled probe than control tumors (280,
281)
SOMATOSTATIN RECEPTOR REPORTER GENE

The hSSTr2 belongs to a family of G protein coupled receptors that bind the peptide
somatostatin (somatotropin release inhibitory factor). To date, five human somatostatin
receptor subtypes have been cloned and partially characterized, with subtype 2 most
extensively studied and used as a reporter gene (282-284). Somatostatin has a wide variety
of biologic functions including acting as a neuromodulator, a modulator of endocrine and
exocrine functions and a regulator of cell differentiation and proliferation. Biodistribution of
the endogenous receptor includes the brain, pituitary, pancreas, stomach, kidneys and other
neuroendocrine tissues (283, 284). Somatostatin receptors have also been found with a very
high incidence, and often a high density, in neuroendocrine tumors, particularly pituitary
adenomas (285, 286), gastroenteropancreatic tumors (287, 288), pheochromocytomas (289,
290), neuroblastomas (291, 292), and to a lesser extent in medullary thyroid cancers (293)
and small cell lung cancers (294). Some nonneuroendocrine tumors to have been shown to
express somatostatin receptors include brain tumors such as meningiomas, medulloblastomas
and gliomas (295-298), renal cell cancers (299), breast (300), prostatic (301), and ovarian
carcinomas (302). In several studies, it has been shown that an inhibitory signal is produced
when somatostatin and related analogues bind to somatostatin receptors. In cancer cells, this
inhibitory signal is antiproliferative, and it has been reported to inhibit tumor growth in many
animal tumor models and cultured cell lines (303-305). In a primary and metastatic

pancreatic cancer model, transfection of tumors with hSSTr2 resulted in a significant
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antitumor effect characterized by an increase of apoptosis and an inhibition of cell
proliferation (306). Somatostatin has also been shown to be an inhibitor of
neovascularization in several experimental models where somatostatin receptors, particularly,
hSSTr2, have been found to be expressed on endothelial cells and up-regulated during the
angiogenic switch (305). The use of radiolabeled hSSTr2 specific agonists was shown to
display potent antineoplastic activity by inhibiting the growth of hSSTr2-positive vascular
endothelial cells in hNSSTr2-negative tumors (307, 308). The clinical relevance of this growth
inhibition remains to be defined but suggests the use of hSSTr2 as a reporter gene may also
provide some anticancer benefit (255).

Because many tumors have been found to express hSSTr2, radiolabeled somatostatin

111 d99m

analogs (e.g.,  In-pentetreotide [OctreoScan; Mallinckrodt Inc.] an Tc-depreotide
[Neotect; Diatide Inc.]) have been used for clinical imaging of patients with hSSTr2-positive
tumors (309, 310). In addition, the peptides have been labeled with various radionuclides for
therapeutic applications performed on preclinical animal models (310, 311) and on cancer
patients with hSSTr2-positive tumors (312, 313). In addition, the hSSTr2 gene has been
evaluated as a gene therapy reporter gene in several studies and has been used to successfully
image gene transfer by use of gamma-camera imaging and SPECT (255, 314-318). Specific,
localized expression of hSSTr2 reporter gene in human tumor xenografts has been
demonstrated in mice after gene transfer using intratumorally injected adenovirus vector.
Reporter gene expression was detected after intravenous injection of radiolabeled
somatostatin analogue using y camera imaging and immunohistochemistry (266, 319-321),

and there was good agreement between imaging analyses and gamma counter measurements

(319). Also, excellent sensitivity and linearity were reported by the same group of
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investigators in a mouse xenograft model where hSSTr2 gene expression resulting from
vector doses as low as 1 X 10° plaque forming units was consistently detected and tumor
uptake of radiolabeled analogue correlated well with adenoviral vector dose. In contrast,
when the HSTK reporter gene system was evaluated in the same study, there was unreliable
detection of HSTK expression and no correlation between radiolabeled ligand accumulation
and vector dose (266). Thus, hSSTr2 reporter gene imaging may be useful for quantification
of transgene expression in addition to spatial localization. Recently, somatostatin analogs
radiolabeled labeled with PET radionuclides have been evaluated, with hsstr2 gene transfer
detected in mice using microPET imaging (322). This is a more sensitive imaging modality
compared to gamma camera/SPECT imaging and holds much promise for future reporter
gene studies with the hsstr2 gene.
INTRODUCTION SUMMARY

In summary, there has been much progress in the field of gene therapy despite several
serious setbacks. In particular, many promising gene therapy strategies are emerging that are
directed at the treatment of cancer. While many problems hindering the clinical application
of these gene therapy strategies still remain, two important challenges pertaining to cancer
gene therapy are the need to target transgene expression to the tumor cells exclusively and to
non-invasively monitor the level, location and duration of transgene expression. The in vitro
and in vivo experiments described in the next sections evaluate the use of the HSP 70
promoter combined with the hSSTr2 reporter gene and mIL-12 therapeutic gene to achieve
both 1) targeting of reporter and therapeutic transgene expression and 2) correlation of

therapeutic transgene expression with reporter gene detection.
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Abstract

Gene therapy for cancer is an important research focus, with most approved gene therapy
clinical trials involving cancer patients. This reflects, in part, the inadequacies of
conventional treatment for advanced, refractory solid tumors. However, significant problems
remain to be solved before gene therapy will become a first line modality in the clinical
setting. Two challenges to overcome are the need for targeted transgene expression and
noninvasive evaluation of transgene expression. In this study, we hypothesized that the use of
the heat inducible heat shock protein 70 promoter (HSP) in combination with the human
somatostatin receptor type 2 (hSSTr2) reporter gene will allow for the non-invasive
monitoring and quantification of targeted therapeutic gene (murine Interleukin 12)
expression. Methods: Replication-incompetent adenoviral vectors containing either the
therapeutic gene or the reporter gene under control of the HSP were constructed and their
function assessed in vitro. Cells were infected with both vectors and then heated at
temperatures that ranged from 38-42° C. Uninfected cells and infected cells at 37° C served
as controls. Twenty-four hours after heating, radiolabeled somatostatin analogue was added
to the wells, and radioligand receptor binding was measured with a gamma counter. A
murine interleukin-12 (mIL-12) ELISA kit was used to measure mIL-12 levels in the
supernatants. The results of the radioligand and ELISA assays were compared to
determine if gene expression from the reporter gene vector and the therapeutic gene vector
could be correlated. Results: A statistically significant heat-dose response of radioligand
binding for the reporter gene and mIL-12 production for the therapeutic gene was detected,
with minimal expression observed in the controls. Results demonstrated a strong correlation

between radioligand uptake and mIL-12 production in response to heat treatment (Pearson
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Coefficient 0.95, p-value = <0.0001). Conclusion: The results of this study indicate that
gene expression from both vectors could be induced by hyperthermia and that induced
expression from the reporter and therapeutic gene vectors were highly related. Additional in
ViVO testing in a mouse model is warranted. Results have the potential to pave the way for
evaluation of heat induced gene therapy with hSSTr2 reporter monitoring in animals and

humans.

Key words: Heat inducible gene therapy, Imaging, Somatostatin receptor

45



Introduction
Rapid advances in molecular sciences over the past decade have fostered remarkable

insights into the molecular basis for many diseases and into the development of novel
therapies at the genetic level. Continued improvements in recombinant DNA technologies
and in vector systems have lead to significant progress in the field of gene therapy, a
promising therapeutic modality with the potential to improve human health (1, 2, 94, 95,
267). Based on a recent report, over 1340 gene therapy clinical trials have been completed,
are ongoing or have been approved worldwide (6). Gene therapy in the treatment of cancer
has become an important research focus due to limitations of current conventional cancer
therapies for advanced refractory solid tumors (2, 39). In fact, about two thirds of the clinical
trials in gene therapy have been aimed at the treatment of cancer (6).

Despite significant preclinical success in gene therapy, its clinical applications remain
limited, although clinical trials have highlighted some of the main challenges that remain to
be solved before gene therapy will become a first line therapy. These include the need for 1)
targeted transgene expression, and 2) noninvasive evaluation of transgene expression (28, 94-
98).

A major goal of gene therapy is to target transgene expression to the correct cells, at
the correct level and time, while limiting or excluding expression in non-target cells.
Achieving selective targeting becomes even more important when considering cancer gene
therapy, where the goal is often to introduce a therapeutic cytotoxic gene specifically to
cancer cells. Safe, specific and controlled expression of therapeutic genes is essential for
safe and effective in vivo human gene therapy (94-96).

Intratumoral vector injection for local gene therapy is one approach to targeting

transgene expression that has been tested in clinical trials. Systemic leakage of the vector has
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been reported following intratumoral injection, leading to potentially toxic systemic levels of
transgene product (61, 62). Other approaches involve transductional targeting by selective
vector infection of target cells (94) or transcriptional targeting by selective transcription
induction within target cells (95, 96). However, with transcriptional and transductional
targeting strategies, there is the challenge of identifying either unique promoters for different
tissue/tumor types or ligand-receptor interactions that distinguishes tumor and normal cells
and are likely unique for each tumor type. In addition, the duration and level of transgene
expression are not controllable with constitutive tissue-specific or tumor-specific promoters
(60, 96).

A more adaptable method for controlled, targeted transgene expression involves
inducible promoters that are activated by physical or chemical agents. Inducible promoters
permit tight spatial and temporal control of transgene expression (60). A promising targeted
gene therapy approach exploits the heat shock response, an evolutionarily conserved
response to cellular stress involving the rapid and transient induction of cytoprotective
proteins (heat shock proteins). The heat inducible hsp70 promoter (HSP) has been found to
be one of the most efficient inducible regulatory sequences (222, 243). Previous studies have
shown the ability of the hsp70 promoter to target transgene expression both spatially and
temporally after intratumor injection and local hyperthermia in animal models (61, 62, 250).

A major limitation in preclinical and clinical cancer gene therapy trials is difficulty
monitoring gene expression and distribution noninvasively. Improved in vivo imaging
modalities that accurately detect the location, magnitude and temporal change of transgene
expression will greatly facilitate the translation of preclinical animal studies to human clinical

trials (97, 253-255). Several imaging modalities have been utilized to detect various reporter
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gene products, including nuclear imaging, optical imaging and magnetic resonance imaging,
each having various advantages and disadvantages (253). Several reporter genes, mainly the
human type 2 somatostatin receptor (hSStr2), the herpes simplex virus type 1 thymidine
kinase, the type 2 dopamine receptor and the sodium iodide symporter (NIS), are currently
being successfully used with gamma camera, single photon emission computed tomography,
and positron emission tomography imaging (253, 266, 322).

The hSSTr2 belongs to a family of G protein coupled receptors that bind the peptide
somatostatin (somatotropin release inhibitory factor) (283, 323). Detection of hSSTr2
reporter gene expression in vitro and after intratumoral adenovirus vector injection in mice
with human tumor xenografts has been reported in several studies, with good agreement
between imaging analyses and gamma counter measurements (316, 319-321). Also,
excellent sensitivity and linearity was reported in a mouse xenograft model where tumor
uptake of radiolabeled analogue correlated well with adenoviral vector dose (266). Reporter
gene imaging using hSSTr2 may be useful for quantification of therapeutic transgene
expression in addition to spatial localization.

In this study, we hypothesized that the use of the heat inducible hsp70 promoter in
combination with the hSSTr2 reporter gene will allow for the non-invasive monitoring and
quantification of targeted therapeutic gene (murine Interleukin 12) expression.
Characterization of the relationship between therapeutic gene expression and reporter gene
imaging is necessary for the noninvasive monitoring of transgene expression, while use of a

heat inducible promoter would allow temporal and spatial targeting of transgene expression.
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Materials and Methods
Cell Culture

4T1 mouse mammary cancer cells and B16.F10 melanoma cells were obtained from
American Type Culture Collection (Manassas, VA). The 4T1 cells were maintained in RPMI
and the B16.F10 cells were maintained in DMEM, both supplemented with 10% FBS and 1%
Penicillin/Streptomycin (Mediatech, Inc. Cellgro®, Herndon, Va). HEK 293 human
transformed primary embryonal kidney cells, also obtained from American Type Culture
Collection, were used for adenovirus propagation and were maintained in DMEM
supplemented with 10% FBS and 1% Penicillin/Streptomycin (Mediatech, Inc. Cellgro®,
Herndon, Va). All cells were cultured at 37°C in a humidified atmosphere with 5% COa.
Adenoviral vectors

The replication-incompetent adenoviral vectors used in this study were based on an
Ad5 recombinant system. The human somatostatin receptor type 2 (hsstr2) gene (cloned by
RT-PCR from the human fibroblast cell strain 1522) was placed under control of either the
human hsp70B promoter (HSP) for heat-inducible gene expression or under control of a
constitutively active CMV promoter as a control to derive the AAHSPhSSTr2 and
AdCMVhSSTr2 vectors, respectively. In construction of the heat-inducible murine
interleukin 12 (mIL-12) gene, an internal ribosomal entry site was placed in between the
cDNAs for both mIL-12 subunits (p40 and p35) so that both units can be translated from the
same mRNA molecule. The gene was then placed under control of the HSP promoter to
construct the AJHSPmIL12 vector. All vectors were then packaged by use of the AdEasy
system (Stratagene, La Jolla, CA) (324). The viruses were propagated in 293 cells, and

purification by CsCl-banding was performed according to a standard protocol (325).
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Radiolabeled Peptide

The somatostatin receptor avid peptide used in this study was glucose-octreotate
(Gluc-TOCA), an octreotide analogue with COOH-terminal oxidation and NH,-terminal
carbohydration. Radioiodination of Gluc-TOCA was performed using Chloramine-T as
previously reported (298). Briefly, 20 pul of 0.05 M phosphate buffer (pH 7.5) and a solution
of peptide in 0.05 M acetic acid (14 pg in 20 pl) was added to a solution of sodium
['*IJiodide (approximately 1 mCi in 3 pl of 0.1 N NaOH; PerkinElmer Life and Analytical
Sciences, Billerica, MA) in a Reacti vial. This mixture was vortexed for 30 sec and then a
solution of Chloramine-T in the above phosphate buffer (1.6 pug in 20 pl) was added. The
reaction occurred at room temperature over 1 minute of vortexing. The labeled peptide was
isolated from the reaction mixture by reversed-phase HPLCusing a linear gradient (10% to
40% B over 30 min) consisting of solvents 0.1% trifluoroacetic acid in water (A) and 0.1%
trifluoroacetic acid in acetonitrile (B) at a flow rate of 1 ml/min. The HPLC fraction
containing the labeled peptide was passed through an activated solid-phase cartridge
(CI8ENV; Waters). The cartridge was washed with 5 ml of water and 1 ml of 0.5 M HOAc,
and then eluted with 5 % 0.25 ml ethanol. The ethanol fractions containing the radioiodine
activity were pooled, evaporated with a stream of argon at room temperature, and
reconstituted in a solution BSA and PBS (pH 7.14) for use in the cell culture experiments.
In Vitro protocol

Both B16.F10 melanoma cells and 4T1 mouse mammary cancer cells were seeded in
96-well cell culture plates (Costar®, Corning Costar, Corning, NY) with the concentration of
added cells adjusted to ensure 85-90% confluency after 48 h (3 x 10? cells/well). Cells were

infected with either one or both of the heat inducible vectors 12 h later. Infection occurred
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over 24 h at 37° C at the specified plaque forming units (pfu)/cell. Cells were then heated at
temperatures ranging from 38-42° C for 1 h in a humidified atmosphere with 5% CO,.
Additional infected cells remained at 37° C, serving as unheated controls to determine
baseline HSP activity. Uninfected cells for each treatment group also served as controls to
determine constitutive or non-viral, heating related gene expression. Twenty-four hours after
heating, ['*’I]Gluc-TOCA (0.05 uCi/well) was added to the wells infected with AdHSPhsstr2
and the uninfected controls. Incubation was for specified time periods (1-10 h) at 37°C in a
humidified atmosphere with 5% CO,. At the appropriate time, the supernatant was aspirated
and discarded and the cells were washed twice with ice cold PBS. Individual cell wells were
separated after drying and counted in a LKB 1282 dual-channel gamma counter (Wallac,
Turku, Finland). For cells infected with AAHSPmIL12, mIL-12 concentration in the
supernatant was determined using a commercially available murine interleukin-12 (mIL-12)
ELISA kit (Quantikine mouse IL-12p70, R&D Systems, Minneapolis, MN) 24 h after
heating. For cells infected with AACMVhsstr2, ['*1]Gluc-TOCA was added to the wells 24
h after infection and processed as described for AdHSPhsstr2. All experiments were done in
triplicate and performed in two cell lines (B16 and 4T1).
Statistical Analysis

The Student’s t test (two-tailed, unpaired) was performed when only two
experimental treatment groups were compared and in comparing various vector doses, with P
< 0.05 being considered significantly different. One-way analysis of variance (ANOVA) was
performed using SAS v.9.1 to test for differences among treatment groups. Results presented
in graphs report untransformed data; however, all ANOVA analysis was performed on log

transformed data. For the mIL-12 data, the Kruskal-Wallis test was performed as a check on
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the ANOVA results due to data distribution. Spearman rank-order correlations and Pearson
correlation coefficients were computed for mIL-12 production and radioligand binding over
infected treatment groups at 39-42 °C. Regression analysis, using radioligand uptake as a
predictor of mIL-12 production was also performed on these data.
Results

To determine the optimal incubation time with radioligand [('**T)Gluc-TOCA], cells
infected with 10 pfu/cell of AdHSPhsstr2 and heated at 42° C were incubated with ['*1]Gluc-
TOCA for 1, 2,4, 6, 8 and 10 h (Figure 1). Additional infected cells that remained at 37° C
and uninfected cells (37° C, 42° C) were used as controls. Specific radioligand uptake was
calculated by correcting for ['*’I]|Gluc-TOCA accumulation in uninfected (37° C, 42° C)
control cells (constitutive or non-viral, heating related gene expression) and infected 37° C
control cells (baseline HSP activity). There was a statistically significant difference in
radioligand uptake between incubations of 2-4 and 8-10 h. No statistically significant
difference in radioligand uptake at 4, 6 and 8 h was observed. Based on these results, a 6 h
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incubation with [~ T]Gluc-TOCA was used in all subsequent experiments.

: 125
Comparisons of [

[1Gluc-TOCA uptake were made in parallel experiments between
the heat-inducible AdHSPhsstr2 vector and the constitutively expressing AACM Vhsstr2
vector (Figure 2). A statistically significant difference in radioligand uptake was seen
between the constitutive CMV promoter vector and the inducible HSP promoter vector,
consistent with previous reports (61, 62).

Inducible gene expression as a function of viral vector dose was evaluated next to

determine the optimal viral dose for in vitro experiments. Results of these experiments are

shown in Figures 3A (AdHSPhsstr2) and 3B (AdHSPmIL-12). Differences in both
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radioligand uptake and mIL-12 production between the different viral doses were statistically
significant, with 20 pfu/cell identified as the optimal viral dose for use in single vector
experiments. For experiments involving co-infection of cells with both heat inducible
vectors, a viral dose of 15 pfu/cell of each vector was used based on cytotoxicity seen at
higher viral doses. All experiments consisted of atleast four treatment groups as described in
Figures 4A and 4B and included cells that were 1) infected, heated, 2) infected, not heated, 3)
not infected, heated, 4) not infected, not heated. The difference in radioligand uptake (Fig.
4A) between infected cells at 42° C and 37° C was significant based on an unpaired, two-
tailed Student t test. There was not a significant difference between non-infected control
cells at 37° C and 42° C. There was a statistically significant difference in radioligand uptake
between infected cells at 37° C and the non-infected controls. However, the magnitude of the
increase in radioligand uptake (2.3 fold) in the 37° C infected cells was small when compared
to the 134 fold increase observed in infected cells heated at 42° C. Similar results were seen
with mIL-12 production (Fig. 4B) where mIL-12 supernatant concentration (mean 232
pg/ml) from 42° C treated, infected cells was significantly different from the mIL-12
supernatant concentration (mean 1.3 pg/ml) from infected cells that remained at 37° C. A
statistically significant difference between infected cells at 37° C and the non-infected
controls was not detected with ELISA. Similar to the non-infected control cells, the non-
heated infected control cells showed cytokine levels that were at or below the detection limits
of the ELISA assay.

A heat dose response was initially evaluated for each heat inducible vector in parallel
experiments using variable heat doses (38° C —42° C), and a strong correlation between

radioligand uptake and mIL-12 production was observed (data not shown). Based on the
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results of these experiments performed in parallel, additional experiments were performed
with co-infection of B16 cells with both AdHSPhsstr2 and AdHSPmIL-12 vectors. Figure 5
shows the results of an experiment designed to evaluate the heat dose response after co-
infection of B16 cells with 15 pfu/cell of each Adhsphsstr2 and AdhspmIL12 vectors and
exposure to variable heat doses (38° C —42° C). Figure 5A shows radioligand uptake in
counts per minute (CPM) as a function of heat dose. A significant increase in radioligand
uptake was detected with increasing heat dose starting at 39° C. Differences in radioligand
uptake among heat doses in the 38-42° C range were significant. There was not a significant
difference in radioligand uptake between infected cells at 37° C and 38 ° C, nor was there a
significant difference between non-infected control cells at 37° C and 42° C. ANOVA was
used to test for differences among treatment groups and the p-value for an overall difference
among treatments among infected cells was p <0.0001. A test for a linear increase in means
as temperature increased among the infected cells was performed with the p-value for the test
for trend being p < 0.0001. A statistically significant difference in radioligand uptake
between infected cells at 37° C and the non-infected controls was observed. Again, the
magnitude of the increase in radioligand uptake (2.7 fold) in the 37° C infected cells was
small when compared to the 23-133 fold increase observed in infected cells heated at 39-42°
C respectively. Figure 5B shows mIL-12 production in pg/ml as a function of heat dose. As
with radioligand uptake results, an increase in mIL-12 production was detected with
increasing heat dose starting at 39 °C, and differences between each heat dose (38-42° C)
were significant. The p-value for an overall difference among treatments among infected
cells was p < 0.0001. The p-value for the test for trend was p <0.0001. The p-value from

the Kruskal-Wallis test for an overall difference among treatments among infected cells also
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was p < 0.0001, which supports the results from the ANOVA. Also, similar to results from
the single vector experiments, a significant difference between the non-heated infected cells
and the non-infected controls was not detected with ELISA. These experiments were also
performed with the 4T1 cell line, and the results from the statistical tests for the 4T1 cell line
were identical to those for the B16 cell line (data not shown). Spearman rank-order
correlations and Pearson correlation coefficients were computed for mIL-12 and radioligand
binding over infected treatment groups at 39-42 degrees. The correlation coefficients and p-
values are reported in Table 1. Regression analysis, using radioligand uptake as a predictor
of IL-12 production was also performed on these data. Table 2 shows the results from these
analyses. A strong correlation between radioligand uptake and mIL-12 production in
response to heat treatment was observed (Figure 6).
Discussion

Two important goals in gene therapy are to target transgene expression to the
appropriate cells only and to non-invasively monitor the location, magnitude and duration of
transgene expression. Numerous studies evaluating various approaches to address each of
these challenges have been reported. A system that would allow both targeting and non-
invasive monitoring of therapeutic transgene expression has great potential to enhance gene
therapy of diseases where localized and transient therapeutic gene expression is desired.
However, limited studies have evaluated this combined approach of correlating reporter gene
expression with therapeutic gene expression in an inducible system. In this study, a gene
therapy approach was evaluated that has the potential to achieve both of these goals. The
AdHSPhsstr2 and AdJHSPmIL-12 vectors were used to demonstrate in vitro that 1) level of

therapeutic gene (mIL-12) expression was measurable by monitoring hsstr2 activity with

55



radioligand uptake, and 2) the level of expression of both vectors was controlled by the heat
dose administered.

After heat treatment, the AdHSPhsstr2 and AJHSPmIL-12 vectors resulted in the
uptake of radioligand and the production of mIL-12 respectively in a temperature and viral
dose dependent manner. There was excellent linearity between viral dose and radioligand
uptake as previously reported with the hsstr2 reporter gene (266). With the AdHSPhsstr2
vector, there was negligible radioligand uptake in the non-infected control cells, whether left
at 37° C or exposed to a heat dose of 42° C. There was a statistically significant difference in
radioligand uptake between infected cells left at 37° C when compared to the the non-
infected control cells. However, the magnitude of the increase in radioligand uptake (2.3 -
2.7 fold) in the 37° C infected cells was small and considered clinically insignificant when
compared to the 23-134 fold increase observed in infected cells heated from 39-42° C,
respectively. The increase in radioligand uptake in the unheated, infected cells was likely
due to the development of other cellular stresses (nutritional, crowding) during in vitro
growth as discussed in a previous report (326). Whether this would occur within the tumor
micro-environment is not known but systemic expression in normal tissues would seem
unlikely (326). With the AAHSPmIL-12 vector, there was not a significant difference
between non-infected control cells at 37° C and 42° C or between infected cells at 37° C and
the non-infected controls. After coinfection of cells with both AdHSPhsstr2 and
AdHSPmIL-12 vectors, followed by exposure to variable heat doses, results showed that
therapeutic mIL-12 gene expression measured by ELISA was strongly, positively correlated

with hsstr2 activity as determined by radioligand uptake. These results support the
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hypothesis that this heat inducible reporter system may be capable of monitoring and
quantifying inducible therapeutic transgene expression non-invasively in vivo.

The therapeutic gene used in this study was the gene encoding the potent
immunomodulatory cytokine interleukin-12 (IL-12), which has significant antitumor activity
in preclinical tumor models reported in previous studies (60). However, the specific
therapeutic gene used was not directly related to the objectives of this study, and this
approach could be utilized with many different therapeutic genes and for clinical applications
outside of cancer treatment. Inducible gene expression systems that are based on external
physical agents have some unique advantages, foremost of which is the ability to focus the
inducing agent in a spatially defined manner. In the case of chemically inducible promoters,
gene expression is usually targeted through vector injection in situ intratumorally, but vector
dissemination into the systemic circulation has been reported (62, 221). Systemic injection
of the promoter-activating agents of chemically induced promoters does not permit
correction for leakage of vector outside of the target tissue and can lead to ectopic expression
of transgene in distant organs, such as the liver, spleen and lung (60, 221). Advantages of the
heat inducible promoter system over other physically inducible promoter systems (i.e.
radiation inducible) are the ability to safely administer the hyperthermia treatment, minimal
baseline transgene expression, and strong induction at 300-1000 fold over background in a
heat dose dependent manner (60, 61, 245). Whereas the ERG-1 promoter that is induced by
ionizing radiation (a carcinogen) has high baseline transgene expression, is only inducible
10-fold in vitro without additional modification, and requires a high, single radiation dose.

Hyperthermia has been used in experimental cancer treatment for more than 20 years with no
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long-term side effects observed for temperatures in the range shown to be most effective for
heat-induced transgene induction (60).

There are also potential disadvantages of a hyperthermia inducible gene therapy
approach. Some sites in the body may not be amenable to hyperthermia treatment due to the
difficulty in heating specific areas to the desired temperatures (60, 61). However, continued
technological advances in the development of the equipment used for planning,
implementing and monitoring hyperthermia treatments have significantly improved the
ability to heat more target areas in the body. Patients with breast, cervix, head and neck
cancers and glioblastoma multiforme have been treated in several positive randomized
clinical trials combining hyperthermia with radiation therapy (60, 327-330). Another
potential problem is that the heat shock response may be activated by other cellular stresses.
These stressors could include oxidative stress, hypoxia, ischemia, acidosis, cytokines, fever
or inflammation (60, 221). However, in most reported studies, only minimal basal
expression of HSP promoter controlled genes have been observed, with strong induction of
gene expression after hyperthermia treatment (62, 221). Still, it may be necessary to control
body temperature below 39°C in certain clinical situations (60).

In this study, the reporter gene and the therapeutic gene were delivered by two
separate adenoviral vectors, which were identical in every way except that one carried the
reporter gene and the other the therapeutic gene. The ideal way to monitor therapeutic gene
expression would be to use a specific imaging probe that can directly detect its expression
such as with the herpes simplex virus thymidine kinase gene (267, 331). However, a direct
imaging probe is not available for most therapeutic genes, and the development and in vivo

validation of a new probe for each therapeutic gene would be time-consuming, expensive and
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not possible for many genes. As a result, the development of a few well-characterized
reporter genes for indirect imaging of therapeutic gene expression has become a highly
researched alternative. Linking the expression of a therapeutic gene to a reporter gene can be
done through a variety of means including fusion protein constructs, bidirectional promoter
vectors, dual promoter constructs, bicistronic vectors or simply co-vector administration
(276, 331).

The co-vector administration used in the current study is the most straightforward.
The rationale behind this approach is that if both vectors are identical and the expression of
both the reporter gene and therapeutic gene is regulated by the same promoter, when they are
co-administered in equal amounts, correlation of expression of both genes at the target tissue
should be attainable (267). The host responses to a gene therapy vector should be the same
whether it is carrying the therapeutic or reporter gene, and thus, either vector should have an
equal probability of uptake by the target cells (276). Although any single cell may not be
infected with equal amounts of the two vectors, this should not pose a significant problem
given the spatial resolution limits of most clinical imaging modalities (267). The greatest
advantage of co-vector administration is that a single reporter gene vector can be used to
evaluate the expression of many different therapeutic genes, eliminating the need to produce
a new construct for every new therapeutic gene (267, 276).

A potential limitation of the double vector approach is the concomitant increase of
viral burden and a greater chance of immunological reactions. However, with the continued
development of improved, less immunogenic adenoviral vectors, the increased viral burden
may not be a problem (37, 276). Another problem that may affect correlation between the

reporter and therapeutic genes involves having both genes regulated by identical promoters
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on separate vectors(276). Cis-acting mechanisms of transcription regulation could affect
correlation between the expression of both genes due to positive and negative feedback from
either the therapeutic or reporter gene. The bicistronic vector, bidirectional promoter or
fusion protein approaches may eliminate this problem as any affect on the promoter will
affect the transcription of both the therapeutic and the reporter gene(276). Future
optimization of the heat inducible reporter system used in this study may involve
development of a single vector construct containing both the therapeutic and reporter gene.
However, all the approaches, except the fusion protein approach, may encounter loss of
correlation between therapeutic and reporter gene protein products at the translational and
posttranslational level. On the other hand, with the fusion protein approach, the final folding
of the fusion protein might affect the function of the therapeutic or imaging component (267,
276).
Conclusion

In summary, the results of this study demonstrate the feasibility of this heat inducible
reporter system approach with in vitro results showing a strong, positive correlation between
therapeutic gene expression and hsstr2 expression that was regulatible by heat dose.
Validation of this approach in vivo is necessary and those studies are currently being
conducted. The use of inducible systems of gene expression and the development of
sensitive and quantitative methods for in vivo monitoring of gene therapy trials will be

critical to the future advancement of this new field of medicine.
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Figure 1: Radioligand uptake (surface-bound and internalized) reported in counts per minute
(CPM) as a function of incubation time with ('*’I)Gluc-TOCA. B16 cells infected with 10
pfu/cell of AdHSPhsstr2 were exposed to a heat dose of one hour at 42 ° C twenty-four hours

125

after infection. (" ~1)Gluc-TOCA was added to the cells twenty-four hours after heating and

incubation was for variable time periods (1, 2, 4, 6, 8, 10 hours). Bars, + SD
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Figure 2: Comparison of radioligand uptake in counts per minute from B16 cells infected
with 10 pfu/cell of either AACM Vhsstr2 or AdHSPhsstr2. A six hour incubation with
("*’I)Gluc-TOCA occurred 24 hours after infection with AdCMVhsstr2. Cells infected with
AdHSPhsstr2 were heated 24 hours after infection for one hour at 42° C, with addition of
radioligand 24 hours after heating. A statistically significant difference in radioligand uptake
(P =0.000002) was seen between the constitutive CMV promoter vector and the inducible

HSP promoter vector. bars, £SD
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Figure 3: A) Radioligand uptake in counts per minute (CPM) as a function of viral vector
dose. B16 cells were infected with AdHSPhsstr2 at variable doses (0, 10, 15 and 20
pfu/cell). Differences in radioligand uptake between each of the four viral doses were
significant. P-values comparing each vector dose (starting with 0 pfu) with the immediate
next increase in dose were P= 0.000001, P=0.00015, P=0.000006. B) mIL-12 production
in pg/ml as a function of viral vector dose. B16 cells were infected with AJHSPmIL-12 at
variable doses (0, 10 and 20 pfu/cell). Twenty-four hours after infection, the cells were
heated for one hour at 42° C. Supernatant was removed 24 hours after heating and mIL-12
production was determined using a murine IL-12 ELISA kit. Differences in mIL-12
production between the three viral doses were significant. P-values comparing each vector
dose (starting with 0 pfu) with the immediate next increase in dose were P=0.005, P=0.019.

bars, +SD
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Figure 4: A) Radioligand uptake in counts per minute (CPM) from infected and non-
infected B16 cells at 42° C or remaining at 37° C. Cells were infected with 20 pfu/cell of
AdHSPhsstr2 with non-infected cells as controls. Difference in radioligand uptake between
infected cells at 42° C and 37° C was significant (P=0.0000002). There was not a significant
difference between non-infected control cells at 37° C and 42° C. There was a statistically
significant difference in radioligand uptake between infected cells at 37° C and the non-
infected controls (P=0.001). B) mIL-12 production in pg/ml from infected and non-infected
B16 cells treated at 42° C or remaining at 37° C. Cells were infected with 20 pfu/cell of
AdHSPmIL12 with non-infected cells as controls. Supernatant was removed 24 hours after
heating and mIL-12 production was determined. Difference in mIL-12 production between
infected cells at 42 ° C and 37 ° C was significant (P= 0.003). There was not a significant
difference between non-infected control cells at 37° C and 42° C or between infected cells at

37° C and the non-infected controls. bars, £SD
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Figure 5: A) Radioligand uptake in counts per minute (CPM) as a function of heat dose.
B16 cells were co-infected with 15 pfu/cell of each Adhsphsstr2 and AdhspmIL12 and either
exposed to variable heat doses (38° C —42° C) or remained at 37° C. Non-infected cells (ni)
exposed to 42° C and 37° C were used as controls. The p-value for an overall difference
among treatments among infected cells was p <0.0001. A test for a linear increase in means
as temperature increased among the infected cells was performed. The p-value for the test
for trend is p < 0.0001. Data is from two separate experiments with 8 replicates per group
from each experiment. B) mIL-12 production in pg/ml as a function of heat dose. The p-
value for an overall difference among treatments among infected cells was p <0.0001. The
p-value for the test for trend was p < 0.0001. The p-value from the Kruskal-Wallis test for an
overall difference among treatments among infected cells also was p < 0.0001, which
supports the results from the ANOVA. Data is from two separate experiments with 8

replicates from each experiment in each treatment group.
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Table 1 — In Vitro Spearman rank-order correlation coefficients and Pearson correlation
coefficients for mIL-12 with radioligand binding

Cell Line | Spearman Coefficient | p-value Pearson Coefficient p-value
B16 0.93 <0.0001 0.95 | <0.0001
4T1 0.90 | <0.0001 0.87 | <0.0001

Table 2 — In Vitro Regression analysis results

Cell Line Intercept Coefficient R-Square Model p-value

B16 -3.70 1.09 0.90 <0.0001

4T1 -1.50 0.86 0.75 <0.0001
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Figure 6: A) Correlation of radioligand uptake in counts per minute (CPM) and mIL-12

supernatant concentration in pg/ml from B16 cells coinfected with 15 pfu/cell of each
AdHSPhsstr2 and Ad HSPmIL-12 and exposed to variable heat doses (37° C - 42° C in one
degree increments) as described in Figure 5. B) The same experiment was repeated with 4T1
cells. Results also demonstrate strong correlation between radioligand uptake and mIL-12

production in response to heat treatment.
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Abstract

A wide variety of gene therapy strategies for cancer treatment have shown impressive
preclinical success. However, the difficulty has been in translating this preclinical success
into effective clinical therapies. There are many challenges to overcome before the goal of
cancer gene therapy is fully realized. These include the need for 1) targeted transgene
expression, and 2) noninvasive evaluation of transgene expression. In this study, we
hypothesized that the use of the heat inducible heat shock protein 70 promoter (HSP) in
combination with the human somatostatin receptor type 2 (hSSTr2) reporter gene will allow
for the in vivo monitoring and quantification of targeted therapeutic gene (murine Interleukin
12) expression. Methods: Replication-incompetent adenoviral vectors containing either the
therapeutic gene (AdHSPmIL-12) or the reporter gene (AdHSPhsstr2) under control of the
HSP were constructed and their function assessed in vivo. Balb/c and C57BL/6 mice with
subcutaneous mammary adenocarcinoma and murine melanoma tumors respectively received
intratumoral co-injection of 1 X 10® pfu each of AdHSPhsstr2 and AdHSPmIL-12 followed
by either no hyperthermia, hyperthermia for 40 minutes at 41.5°C or hyperthermia for 40
minutes at 42.5°C. Additional animals not receiving intratumoral vector injection served as
controls. Radioligand was injected via the tail vein 48 h after heating, and animals were
sacrificed one hour after tail vein injection. Tissues were collected and counted in a gamma
counter. Tumors were also disaggregated in lysis buffer using a Mini-Beadbeater, and
murine IL-12 concentrations in tumor extracts were determined using a commercially
available murine interleukin-12 (mIL-12) ELISA kit. The results of the radioligand and
ELISA assays were compared to determine if gene expression from the reporter gene vector

and the therapeutic gene vector could be correlated. Results: A statistically significant heat-
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dose response of tumor radioligand uptake for the reporter gene and tumor mIL-12
production for the therapeutic gene was detected in vivo, with minimal expression observed
in the controls. Normal tissue biodistribution of radioligand was similar between all
treatment groups with no significant difference between the infected groups and the non-
infected control. Results demonstrated a strong correlation between tumor radioligand
uptake and tumor mIL-12 production in response to heat treatment (Pearson Coefficient 0.85,
p-value = <0.0001). Conclusion: The results of this study indicate that gene expression
from both vectors could be induced in vivo by hyperthermia in a temperature dependent
manner and that induced expression from the reporter and therapeutic gene vectors were
highly related. Normal tissue biodistribution of radioligand was similar between all
treatment groups with no significant difference between the infected groups and the non-
infected controls demonstrating the ability of the HSP promoter to limit transgene expression
to the tumor. Results have the potential to pave the way for evaluation of heat induced gene

therapy with hSSTr2 reporter monitoring in animals and humans.

Key words: Heat inducible gene therapy, Imaging, Somatostatin receptor
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Introduction
Over the past decade, rapid progress in molecular sciences, along with the unraveling

of the human genome, have lead to the emergence and development of molecular medicine
with significant advancement in the field of gene therapy (1, 2, 94, 95, 264, 267). Edelstien
et al. recently reported that over 1,340 gene therapy clinical trials have been completed, are
ongoing or have been approved worldwide (6). In particular, gene therapy in the treatment of
cancer has become an important research focus, with about two thirds of the gene therapy
clinical protocols aimed at the treatment of cancer (6). This is partly due to the lack of
effective conventional treatments for advanced refractory solid tumors and that strategies for
cancer gene therapy are not as limited by some technical difficulties (such as achieving
sustained gene expression in a sufficient number of rare, long-lived cells) that challenge
gene-replacement therapies of inherited monogenetic diseases (2, 39).

A wide variety of gene therapy strategies for cancer treatment have shown impressive
preclinical success. However, the difficulty has been in translating this preclinical success
into effective clinical therapies (332). There are many challenges to overcome before the
goal of cancer gene therapy is fully realized. These include the need for 1) targeted
transgene expression, (94-96), and 2) noninvasive evaluation of transgene expression (28, 97-
99).

One of the major limitations in cancer gene therapy is the inability to target transgene
expression to the tumor cells, while limiting or excluding expression in normal cells.
Achieving selective tumor cell targeting is extremely important for successful cancer gene
therapy strategies where the goal is often to introduce a therapeutic cytotoxic gene

specifically to cancer cells. Effective targeting of cancer cells increases the therapeutic
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window, chance of successful treatment, and is essential for safe and effective in vivo human
gene therapy (94-96).

Many different approaches at targeting transgene expression have been evaluated.
Initially, targeting transgene expression locally to tumor cells was attempted with
intratumoral injections of the gene therapy vector. However, systemic vector leakage has
been reported following intratumoral injection which can lead to potentially toxic systemic
levels of transgene product (61, 62). Other targeting approaches include transductional
targeting by selective vector infection of target cells (94) or transcriptional targeting by
selective transcription induction within target cells (95, 96). However, identifying either
unique tissue/tumor type promoters for transcriptional targeting or unique ligand-receptor
interactions for transcriptional targeting is challenging. Additionally, with constitutive
tissue-specific or tumor-specific promoters, the duration and level of transgene expression
are not controllable (60, 96).

Inducible promoters that are activated by physical or chemical agents provide an
opportunity for a more adaptable method of controlled, targeted transgene expression.
Inducible promoters have a distinct advantage in their ability to permit tight spatial and
temporal control of transgene expression (60). The heat shock promoter, one of several
inducible promoters, has been found to be one of the most efficient inducible regulatory
systems (222, 243, 244) and has shown promise as a targeting tool in many preclinical cancer
gene therapy models (60-62, 249). This approach exploits the heat shock response, an
evolutionarily conserved response to cellular stress involving the rapid and transient
induction of cytoprotective proteins (heat shock proteins) (233). With minimal baseline

expression, the heat inducible hsp70 promoter can induces transgene expression at 300-1000
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fold over background in vitro and in vivo after moderate hyperthermia for relatively short
duration (60, 61, 249). Previous studies in animal models have shown the ability of the
hsp70 promoter to target transgene expression both spatially and temporally after
intratumoral adenoviral vector injection and local hyperthermia (61, 62, 250).

Another major limitation impeding the clinical translation of cancer gene therapy
strategies is the difficulty in monitoring transgene expression and distribution noninvasively.
Improved in vivo imaging modalities that can globally monitor and quantify transgene
expression will greatly facilitate the testing of emergent gene therapy systems (97, 253-255).
Several radiotracer imaging techniques have been used for noninvasive, in vivo imaging of
gene transfer in animal models. Intravenous injection of a radiotracer results in its
accumulation at sites of reporter gene expression that can then be detected using gamma
camera, single photon emission computed tomography (SPECT) and positron emission
tomography (PET) imaging techniques. The four reporter gene products that have been most
researched and detected in vivo are the human type 2 somatostatin receptor (hsstr2), the
herpes simplex virus type 1 thymidine kinase (HSTK), the type 2 dopamine receptor and the
sodium iodide symporter (NIS) (98, 253, 266).

Specific, localized expression of hsstr2 reporter gene in human tumor xenografts has
been demonstrated in mice after gene transfer using intratumorally injected adenovirus
vector. Reporter gene expression was detected after intravenous injection of radiolabeled
somatostatin analogue using gamma camera imaging and immunohistochemistry, with good
agreement between imaging analyses and gamma counter measurements (316, 319-321). In
a study by the same group of investigators also using a mouse xenograft model, tumor uptake

of radioligand correlated well with adenoviral vector dose (266). Thus, hSSTr2 reporter gene
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imaging may be useful for quantification of transgene expression in addition to spatial
localization.

In this study, we hypothesized that the use of the heat inducible hsp70 promoter in
combination with the hSSTr2 reporter gene will allow for the in vivo monitoring and
quantification of targeted therapeutic gene (murine Interleukin 12) expression. In a previous
study (paper in review), the feasibility of this heat inducible reporter system approach was
demonstrated in vitro with results showing 1) a strong, positive correlation between
therapeutic gene expression and hsstr2 reporter gene expression and 2) a strong heat dose
response relationship. Characterization of the relationship between therapeutic gene
expression and reporter gene imaging would be of considerable value in noninvasive
monitoring of transgene expression, while use of a heat inducible promoter would allow
temporal and spatial targeting of transgene expression.

Materials and Methods
Tumor models/Cell Culture

B16.F10 (American Type Culture Collection (ATCC), Manassas, VA) is a
transplantable, spontaneously arising, murine melanoma cell line and is syngeneic in
C57BL/6 mice. 4T1 (ATCC) is a transplantable, spontaneously arising, murine mammary
adenocarcinoma cell line and is syngeneic in Balb/c mice. The 4T1 cells were maintained in
RPMI and the B16.F10 cells were maintained in DMEM, both supplemented with 10% FBS
and 1% Penicillin/Streptomycin (Mediatech, Inc. Cellgro®, Herndon, Va). HEK 293 human
transformed primary embryonal kidney cells, also obtained from ATCC, were used for
adenovirus propagation and were maintained in DMEM supplemented with 10% FBS and

1% Penicillin/Streptomycin (Mediatech, Inc. Cellgro®, Herndon, Va). All cells were
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cultured at 37°C in a humidified atmosphere with 5% CO2. Balb/c and C57BL/6 mice were
obtained from the National Cancer Institute.
Adenoviral vectors

The replication-incompetent adenoviral vectors used in this study were based on an
Ad5 recombinant system and consisted of AdHSPhsstr2, AACMVhsstr2 and AJHSPmIL-12.
The human somatostatin receptor type 2 (hsstr2) gene was cloned by RT-PCR from the
human fibroblast cell strain 1522. It was placed under control of either the inducible human
hsp70B (HSP) promoter or under control of a constitutively active CMV promoter to derive
the AJHSPhSSTr2 and AACMVhSSTr2 vectors respectively. The murine IL-12 gene was
obtained as described (60). In construction of the heat-inducible murine interleukin 12 (mIL-
12) gene, the cDNAs for both mIL-12 subunits (p40 and p35) were linked together through
the internal ribosome entry site sequence so that both subunits were expressed from a single
promoter. The gene was then placed under control of the HSP promoter to construct the
AdHSPmIL12 vector. All vectors were then packaged by use of the AdEasy system
(Stratagene, La Jolla, CA) (324). The individual gene expression cassettes were transferred
into the pShuttle plasmid of the AdEasy system. The viruses were propagated in 293 cells,
and purification by CsCl-banding was performed according to a standard protocol (325).
Radiolabeled Peptide

The somatostatin receptor avid peptide used in this study was glucose-octreotate
(Gluc-TOCA), an octreotide analogue with COOH-terminal oxidation and NH,-terminal
carbohydration. Radioiodination of Gluc-TOCA was performed using Chloramine-T as
previously reported (298). Briefly, 20 ul of 0.05 M phosphate buffer (pH 7.5) and a solution

of peptide in 0.05 M acetic acid (14 pg in 20 pl) was added to a solution of sodium
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['*IJiodide (approximately 1 mCi in 3 pl of 0.1 N NaOH; PerkinElmer Life and Analytical
Sciences, Billerica, MA) in a Reacti vial. This mixture was vortexed for 30 sec and then a
solution of Chloramine-T in the above phosphate buffer (1.6 pug in 20 pl) was added. The
reaction occurred at room temperature over 1 minute of vortexing. The labeled peptide was
isolated from the reaction mixture by reversed-phase HPLC using a linear gradient (10% to
40% B over 30 min) consisting of solvents 0.1% trifluoroacetic acid in water (A) and 0.1%
trifluoroacetic acid in acetonitrile (B) at a flow rate of 1 ml/min. The HPLC fraction
containing the labeled peptide was passed through an activated solid-phase cartridge
(CI8ENV; Waters). The cartridge was washed with 5 ml of water and 1 ml of 0.5 M HOAc,
and then eluted with 5 x 0.25 ml ethanol. The ethanol fractions containing the radioiodine
activity were pooled, evaporated with a stream of argon at room temperature, and
reconstituted in a solution BSA and PBS (pH 7.14) for use in animal experiments.
Animal Biodistribution Studies

All animal studies were performed in accordance with institutional guidelines.
Approximately 10° mammary adenocarcinoma or melanoma cells in 50 uL PBS were
transplanted subcutaneously in the right hindlimbs of Balb/c or C57BL/6 mice respectively.
Treatment was initiated when tumors were 4-6 mm in diameter (about 6 days), and each
treatment group consisted of 5 animals. Adenoviral vectors were injected intratumorally
using a 30-gauge needle at a dosage of 1 X 10° pfu (in 50 uL PBS) either alone or, in the
case of the HSP promoter vectors, combined. Animals that received intratumoral injections
of AdHSPhsstr2 +/- AJHSPmIL-12 were treated with local hyperthermia 24 h after vector
injection. Tumors were heated to 41.5° C or 42.5° C for 40 min by immersion of the right

hindlimb in a circulating water bath while mice were under pentobarbital anesthesia (1.5
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mg/20-g mouse i.p.). Additional animals received intratumoral injection of AdHSPhsstr2
and/or AJHSPmIL-12 but remained at 37° C to serve as unheated controls to determine
baseline HSP promoter activity. Mice not receiving intratumoral adenoviral vector injection
for each treatment group also served as controls to determine constitutive gene expression.
Based on a previous study (250) that detected the highest level of heat induced gene
expression 48 h after tumor heating, 5 uCi of ['*’I] Gluc-TOCA was injected via the tail vein
48 h after heating in all experiments. All animal treatment groups were sacrificed one hour
after tail vein injection of ['*’I] Gluc-TOCA based on a previous study (298) that reported the
highest tumor to normal tissue ratios for Gluc-TOCA were generally seen one hour post-
injection. Animals that received intratumoral injections of AACMVhsstr2 were injected with
5 uCi of ['°I] Gluc-TOCA via the tail vein 48 h after vector injection. All mice were killed
with an overdose of halothane, dissected, and tissues of interest were isolated. Weights of
blot-dried tissues were determined, and the tissues were counted along with dose standards in
a LKB 1282 dual-channel gamma counter (Wallac, Turku, Finland). The results were
expressed as % injected dose/gram tissue. For animals that received intratumoral injections
of AAHSPmIL-12, tumors of sacrificed animals were disaggregated in a 2 ml microcentrifuge
tube (BioSpec Products, Inc., Bartlesville, OK) containing 1.0 ml of 1.0 mm zirconia beads
(BioSpec Products) and 500 pL lysis buffer consisting of mammalian protein extraction
reagent (M-PER®, Pierce Biotechnology, Rockford, IL) and Halt protease inhibitor cocktail
(Pierce Biotechnology) at a 10 uL. Halt/mL concentration. The tube was placed in a Mini-
Beadbeater (BioSpec Products) and shaken 2-3 cycles at 4,800 rpm for 1 min with cooling on
ice between cycles. Centrifugation for 10 minutes at 10,000 rpm followed and a micropipette

was used to remove supernatant from the vial. Murine IL-12 concentrations in tumor
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extracts were determined using a commercially available murine interleukin-12 (mIL-12)
ELISA kit (Quantikine mouse IL-12p70, R&D Systems, Minneapolis, MN). The results
were expressed as pg mIL-12/gram tumor. Blood and tissue sampling for mIL-12 levels was
not believed necessary due to the reports in previous papers of minuscule systemic levels of
IL-12 after intratumor injection of the vector containing the IL-12 gene under control of the
HSP promoter (61, 62).
Statistical Analysis

One-way analysis of variance (ANOVA) was used to test for differences among
treatment groups. A log transformation was used prior to analyzing the tumor radioligand
uptake and tumor mIL-12 production data. The Kruskal-Wallis test was used to compare
mlIL-12 levels in non-infected vs. infected tumor cells at 37 degrees. ANOVA tests were
performed on untransformed data for radioligand uptake by treatment by normal tissue type
for each tissue separately. Multiple comparisons tests using the Bonferroni adjustment were
performed to test for pair-wise differences among treatment groups. Spearman rank-order
correlations and Pearson correlation coefficients were computed for mIL-12 production and
radioligand binding over treatment groups in tumor cells. Regression analysis using
radioligand uptake as a predictor of mIL-12 production was also performed on these data.
All analyses were performed using SAS v.9.1.
Results

A heat dose response was initially evaluated for each heat inducible vector
individually in experiments using Balb/c mice with subcutaneous mammary adenocarcinoma.
Treatment groups received intratumoral injection of 1 X 10® pfu of AdHSPhsstr2 or

AdHSPmIL-12 and either no hyperthermia, hyperthermia for 40 minutes at 41.5°C or

82



hyperthermia for 40 minutes at 42.5°C. A significant difference in tumor radioligand uptake
and mIL-12 production was observed between the different heat doses (data not shown).
Based on the results of these experiments evaluating the inducible vectors individually,
additional experiments were performed to evaluate intratumoral co-injection of both
AdHSPhsstr2 and AdHSPmIL-12 vectors.

Table 3 shows the biodistribution of ['**1]Gluc-TOCA in Balb/c mice bearing 4T1
mammary tumors. AdHSPhsstr2 and AJHSPmIL-12 were co-injected intratumorally at 1 X
10® pfu each. Experiments consisted of four treatment groups as described in Table 3 and
included animals with tumors that were 1) not infected, not heated, 2) infected, not heated, 3)
infected, heated at 41.5°C, 4) infected, heated at 42.5°C. Data is from two separate
experiments with 5 animals per group from each experiment. A heat dose response was

125

observed with tumor uptake of [ “’I] Gluc-TOCA occurring in a temperature dependent

manner. A significant increase in tumor radioligand uptake was detected between 37°C and
41.5°C and between 41.5°C and 42.5°C for tumors infected with AdHSPhsstr2. There was
not a significant difference in tumor radioligand uptake between the infected and non-
infected groups at 37°C. The p-value for an overall difference among means among the
infected cells at the 3 different temperatures was p < 0.0001. The test for an increasing trend
in mean levels with temperature was also significant at p <0.0001. Normal tissue
biodistribution of '*’I] Gluc-TOCA was similar between all treatment groups with no
significant difference between the infected groups and the non-infected control.

A separate experiment was conducted with mice receiving intratumoral injection of
AdCMVhSSTr2 containing the constitutive CMV promoter for comparison with mice

receiving intratumoral injection of AAHSPhSSTr2 containing the inducible HSP promoter.
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The experiment consisted of four treatment groups as described in Table 4 and included
animals with tumors that were 1) not infected, heated at 42.5°C (to determine affect of
heating alone on radioligand uptake), 2) HSP infected, not heated, 3) HSP infected, heated at
42.5°C, 4) CMV infected. Data is from a single experiment with 5 animals per treatment
group. There was not a significant difference in tumor radioligand uptake in the non-infected
42.5°C group when compared with the infected 37°C group, or when compared with the non-
infected 37°C groups from other experiments. A significant increase in tumor radioligand
uptake was detected in the infected 42.5°C group compared to the non-infected and infected
control groups. Normal tissue biodistribution of ['*I] Gluc-TOCA was similar between all
AdHSPhSSTr2 treatment groups with no significant difference between the infected groups
and the non-infected, heated control. There was a significant increase in ['*1] Gluc-TOCA
uptake in the liver, spleen and lungs of mice treated with the AACMVhSSTr2 vector
compared to all other treatment groups. Tumor ['*’I] Gluc-TOCA uptake in the CMV group
was significantly greater than in the infected 42.5°C group.

Figure 7 contains data from the combined experiments described above for Table 3.
This figure shows tumor mIL-12 production as a function of heat dose compared with tumor
radioligand uptake as a function of heat dose. Similar to results described in Table 3 for
tumor radioligand uptake, a significant increase in tumor mIL-12 production was detected
between 37°C and 41.5°C and between 41.5°C and 42.5°C for tumors infected with
AdHSPmIL-12. There was also not a significant difference in tumor mIL-12 production
between the infected and non-infected groups at 37°C. The p-value for mIL-12 levels in non-
infected vs. infected tumor cells at 37°C p=0.086. The p-value for an overall difference

among means among the infected cells at the 3 different temperatures was p < 0.0001. The
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test for an increasing trend in mean levels with temperature was also significant at p <
0.0001.

Spearman rank-order correlations and Pearson correlation coefficients were computed
for tumor mIL-12 and radioligand binding over treatment groups. The correlation coefficients
and p-values are reported in Table 5. Regression analysis, using radioligand uptake as a
predictor of IL-12 production was also performed on these data. Table 6 shows the results
from these analyses. Results demonstrated a strong correlation between tumor radioligand
uptake and mIL-12 production in response to heat treatment after intratumor co-injection of
AdHSPhsstr2 and AAHSPmIL-12 as shown in Figure 8A. This experiment (two separate
experiments with 5 animals per group from each experiment) was repeated in C57BL/6 mice
bearing B16.F10 melanomas (Figure 8B), and the results obtained were similar to those
described for the 4T1 mammary adenocarcinoma.

Discussion
For the clinical advancement of many promising gene therapy strategies, two

important goals must be addressed. They are the need to target transgene expression to the
intended cells only and to noninvasively monitor and quantify transgene expression.
Different approaches to address each of these challenges have been evaluated and reported in
numerous studies. The development of an approach that would allow both targeted transgene
expression and noninvasive monitoring has great promise to accelerate the development and
testing of new gene therapies for many diseases. However, studies evaluating a combined
approach that targets transgene expression and correlates reporter gene expression with
therapeutic gene expression have been limited. In this study, we evaluated a gene therapy
approach that has the potential to achieve both of these goals. We used AdHSPhsstr2 and

AdHSPmIL-12 vectors to demonstrate in vivo that 1) level of therapeutic gene (mIL-12)
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expression was measurable by monitoring hsstr2 activity with radioligand uptake, and 2) the
level of expression of both vectors was controlable by the heat dose administered.

After intratumoral vector co-injection and heat treatment, AdHSPhsstr2 and
AdHSPmIL-12 resulted in tumor radioligand uptake and mIL-12 production respectively in a
temperature dependent manner. A significant increase in tumor radioligand uptake and mIL-
12 production was detected between each treatment temperature. There was not a significant
difference in tumor radioligand uptake between the infected and non-infected tumors that
remained at 37°C demonstrating little to no baseline HSP promoter activity. Normal tissue
biodistribution of radioligand was similar between all treatment groups with no significant
difference between the infected groups and the non-infected controls confirming the ability
of the HSP promoter to limit transgene expression to the tumor. In contrast, biodistribution
studies after intratumoral injection of AACMVhSSTr2, containing the constitutive promoter,
showed a significant increase in radioligand uptake in the liver, spleen and lungs of treated
mice. These results are consistent with previous studies reporting systemic vector leakage
after intratumoral vector injection (61, 62), and it highlights the potential for systemic
toxicity when using constitutive promoters. Tumors in one group of mice were heated at
42.5°C but were not injected with vector to determine the effect of heat alone on radioligand
uptake and mIL-12 production, with results showing no effect of heat alone. Therapeutic
mlIL-12 gene expression measured by ELISA was strongly, positively correlated with hsstr2
activity as determined by radioligand uptake. These results support the hypothesis that use of
the heat inducible hsp70 promoter in combination with the hsstr2 reporter gene can be used
to 1) regulate therapeutic and reported transgene expression in a temperature dependent

manner, and 2) monitor and quantify, non-invasively, induced therapeutic transgene
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expression based on reporter activity. These results are significant as the development of
both regulatable transgene expression systems and noninvasive molecular imaging systems
that can measure therapeutic transgene expression both at the target site and on a whole body
level are essential for the rational progress of gene therapy (221, 333). Recently,
somatostatin analogs radiolabeled with PET radionuclides have been evaluated, with hsstr2
gene transfer detected in mice using microPET imaging. This is a more sensitive imaging
modality compared to gamma camera/SPECT imaging and holds much promise for future
studies with hsstr2 (322).

In this study the gene encoding the immunomodulatory cytokine interleukin-12 (IL-
12) was used as the therapeutic gene. Previous studies evaluating I1-12 in preclinical tumor
models have demonstrated that it has significant antitumor activity (60). However, any
therapeutic gene could be utilized with the gene therapy approach evaluated in this study. A
unique advantage of inducible gene therapy approaches that are based on external physical
agents over other inducible gene therapy approaches is the ability to focus the inducing agent
in a spatially defined manner. When evaluating chemically inducible promoters,
intratumoral vector injection is often employed to target gene expression. However, as
previously stated, this approach has been associated with systemic vector dissemination (62,
221). Leakage of vector outside of the target tissue can lead to ectopic expression of
transgene in distant organs because systemic injection of promoter-activating agents used
with chemically induced promoters does not permit correction for this leakage (60, 221).
The heat inducible promoter system offers several advantages over other physically inducible
promoter systems such as the radiation inducible promoter system. The hsp70 promoter has

been shown to have minimal baseline transgene expression and strong induction at 300-1000
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fold over background in a heat dose dependent manner (60, 61, 245). In contrast, the ERG-1
promoter that is induced by ionizing radiation (a carcinogen) has high baseline transgene
expression and is only inducible 10-fold in vitro without additional modification (223, 224).
Also, the hyperthermia treatment can be safely administered. No long-term side effects have
been observed in over 20 years of hyperthermia use in experimental cancer treatment at
temperatures in the range shown to be most effective for heat-induced transgene expression
(60). Therefore, the heat inducible promoter system is potentially suitable for treatment of
diseases other than cancer.

Potential disadvantages of a hyperthermia inducible gene therapy approach include
difficulty heating some tumor locations and non-specific activation of HSP promoter. It is
sometimes difficult to heat specific sites in the body to the desired temperatures (60, 61).
However, recently there has been significant improvement in the ability to heat more target
areas in the body. This has resulted from continued technological advances in equipment
development for planning, implementing and monitoring hyperthermia treatments.
Hyperthermia treatments have been successfully administered to patients with a variety of
tumor types including breast, cervix, head and neck cancers and glioblastoma multiforme
(60, 327-330). Another potential problem is activation of the heat shock response by cellular
stresses other than heat application. These stressors could include oxidative stress, hypoxia,
ischemia, acidosis, cytokines, fever or inflammation (60, 221). However, only minimal basal
expression of HSP promoter controlled genes have been observed in most reported studies
(62, 221), and there was no difference in radioligand uptake between the infected and non-
infected control mice in this study. Nevertheless, monitoring and controlling body

temperature below 39°C may be necessary in certain clinical situations (60).
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While the use of a specific imaging probe that can directly detect therapeutic gene
expression would be the ideal way to monitor therapeutic gene expression, a direct imaging
probe is not available for most therapeutic genes (267, 331). In addition, new probe
development and in vivo validation for each therapeutic gene would be time-consuming and
expensive. Instead, research has concentrated on the development of a few well-
characterized reporter genes for indirect imaging of therapeutic gene expression. A variety
of methods exist for linking the expression of a therapeutic gene to a reporter gene including
fusion protein constructs, bidirectional promoter vectors, dual promoter constructs,
bicistronic vectors or simply co-vector administration (276, 331).

The most straightforward of these approaches is co-vector administration. The
reporter gene and therapeutic gene used in this study were delivered by two separate but
identical adenoviral vectors. If both vectors are identical and the same promoter regulates
both the reporter and therapeutic gene, then co-administration of equal amounts of both
vectors should allow correlation of expression of both genes at the target tissue (267) which
was achieved in the current study. There should be equal probability of uptake by the target
cells for each vector because the host responses to a gene therapy vector should be the same
whether it is carrying the therapeutic or reporter gene (276). The two vectors will not infect
any single cell in equal amounts but this should not pose a significant problem given the
spatial resolution limits of most clinical imaging modalities (267). The greatest advantage of
co-vector administration is that many different therapeutic genes can be evaluated with a
single reporter gene vector (267, 276).

A potential limitation of the double vector approach is the potential for greater

immunological reactions due to the concomitant increase of viral burden (267, 276).
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However, the risk of this potential problem may be reduced with the continued development
of improved, less immunogenic adenoviral vectors (37). Having both the therapeutic gene
and reporter gene regulated by identical promoters on separate vectors could pose a problem
that may affect correlation between the reporter and therapeutic gene (276). Additional
mechanisms of transcription regulation could reduce the correlation between the expression
of the therapeutic and reporter gene due to positive and negative feedback from either gene
(267, 276). However, this simple approach of vector co-administration has been validated in
a previous study using an adenovirus vector and CMV promoter (276). In this study using an
adenoviral vector and HSP promoter, we also found a strong correlation between reporter and
therapeutic gene expression after intratumoral co-injection of AdHSPhsstr2 and AdHSPmIL-
12. The bicistronic vector, bidirectional promoter or fusion protein approaches may
eliminate this potential problem of loss of correlation associated with the use of two vectors
because the transcription of both the therapeutic and the reporter gene will be affected since
both are regulated by a single promoter (276). Future optimization of the heat inducible
reporter system used in this study may involve development of a single vector construct
containing both the therapeutic and reporter gene. However, the results of this study
demonstrate the feasibility of using AdHSPhsstr2 and AdHSPmIL-12 co-injection for
monitoring transgene expression in vivo. In addition, loss of correlation between therapeutic
and reporter gene protein product at the translational and posttranslational level can occur
with any of these approaches except for the fusion protein approach where therapeutic and

reporter product function may be lost with the final folding of the fusion protein (267, 276).
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Conclusion

In summary, the results of this study demonstrate the feasibility of this heat inducible
reporter system approach with in vivo results showing a strong, positive correlation between
therapeutic gene expression and hsstr2 reporter gene expression that was regulated by heat
dose. Comparing tumor radioligand uptake in % injected dose/gram tumor and tumor mIL-
12 concentration in pg mIL-12/gram tumor is the gold standard for evaluating correlation
between reporter and therapeutic gene expression. Imaging was not performed in this study,
but having now demonstrated a positive correlation between reporter and therapeutic gene
expression with direct tissue measurements, imaging may be evaluated in future studies.
However, one would expect that the strong correlation identified would be persistent with
imaging studies. Others have reported good agreement between imaging analyses and
gamma counter measurements in detection of hSSTr2 reporter gene expression after
intratumoral adenovirus vector injection in mice with human tumor xenografts (316, 319-
321). The use of inducible gene therapy systems that allow tight control of both spatial and
temporal transgene expression and the development of sensitive, quantitative methods for in
Vivo monitoring of transgene expression will be critical for the future advancement of gene

therapy.
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Table 3: Biodistribution of ['*’I] Gluc-TOCA in mice bearing 4T1 murine mammary tumors
evaluating the HSP promoter at different temperatures.

% Injected dose/gram Tissue®

Tissue 37°C 37°C 41.5°C 42.5°C
Non-infected Infected Infected Infected
Liver 2.33 +/-0.35 2.37+/-0.31 2.41 +/-0.60 2.40 +/- 0.46
Spleen 2.04 +/-0.47 2.09 +/-0.37 2.10 +/- 0.35 2.21+/-0.48
Lungs 10.26 +/- 1.58 10.18 +/- 1.28 10.33 +/-1.62 9.96 +/- 1.96
Heart 1.11 +/-0.16 1.13 +/-0.16 1.14 +/-0.12 1.12 +/-0.12
Kidneys 5.65 +/-0.49 5.80 +/- 0.38 5.95 +/- 0.67 5.75 +/- 0.57
Stomach 12.59 +/- 1.68 11.29 +/- 1.99 11.67 +/-1.98 12.40 +/- 2.86
Thyroidb 0.24 +/- 0.05 0.25 +/- 0.07 0.29 +/- 0.06 0.30 +/- 0.08
Muscle 0.30 +/- 0.08 0.32 +/- 0.03 0.33 +/-0.06 0.32 +/- 0.09
Blood 1.08 +/-0.22 0.98 +/-0.3 1.08 +/- 0.39 1.03 +/-0.30
Brain 0.10 +/- 0.03 0.11 +/- 0.03 0.13 +/- 0.03 0.11 +/-0.02
Tumor® 1.11 +/-0.12 1.16 +/-0.15 3.62 +/-0.36 5.43 +/- 0.55

*%ID/g tissue; mean £+ SD forn =10

® 9 injected dose per organ

“The p-value for the test for differences between infected and non-infected tumors at 37 degrees

was p=0.46. The p-value for an overall difference among means among the infected cells at
the 3 different temperatures was p < 0.0001. The test for an increasing trend in mean levels
with temperature was also significant at p < 0.0001.
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Table 4: Biodistribution of ['*’I] Gluc-TOCA in mice bearing 4T1 murine mammary tumors
comparing the HSP promoter with the CMV promoter.

% Injected dose/gram Tissue®

Tissue 42°C 37°C 42.5°C MV
Non-infected Infected Infected Infected

Liver® 2.40+0.41 2.31+0.44 2.50+0.32 5.69+ 047
Spleen® 2.21 £0.62 2.15+0.90 2.15+0.41 4.93+0.23
Lungs* 10.40 + 1.86 10.57+1.14 10.83 +1.27 16.50 + 1.05
Heart 1.06 £0.24 1.08 £0.32 1.04 £0.24 1.07 £ 0.45
Kidneys 5.14+0.36 4.85+0.79 5.72 +0.54 5.83+0.61
Stomach 9.51+1.20 10.78 £ 1.14 11.48 +1.61 1191 +1.05
Thyroid® 0.14 +0.06 0.16 £ 0.05 0.17+0.04 0.16 = 0.08
Muscle 0.27+0.11 0.30 = 0.03 0.31+£0.04 0.31+£0.07
Blood 0.86+0.12 0.79 + 0.06 0.91+0.14 1.01 £0.13
Brain 0.11£0.02 0.13+0.02 0.12+0.02 0.11 £0.01
Tumor' 0.96 +£0.57 1.19+0.45 5.64 +£0.83 6.54 £ 0.62

*%ID/g tissue; mean = SD forn=35

b-&dyalues for the CMV group were significantly higher than values for the 42.5° C group
(P =<0.0001, P = <0.0001, P = 0.0006 respectively).
% injected dose per organ
"Value for CMV group was significantly higher than value for 42.5° C group (P = 0.033).
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Table 5 — In Vivo Spearman rank-order correlation coefficients and Pearson correlation
coefficients for mIL-12 with radioligand binding in tumors

Cell Spearman p-value Pearson Coefficient p-value
Line Coefficient

4Tl 0.87 | <0.0001 0.89 <0.0001
B16 0.83 | <0.0001 0.85 <0.0001

Table 6 — In Vivo Regression analysis in tumors

Cell Intercept Coefficient R-Square Model p-value
Line

4T1 -65.07 75.60 0.79 <0.0001
B16 -32.06 70.66 0.72 <0.0001
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Figure 7: Data from Balb/c mice bearing 4T1 mammary tumors that were co-injected with
AdHSPhsstr2 and AdHSPmIL-12 at 1 X 10 pfu each and non-infected controls (ni). A)
mlL-12 production in pg mIL-12/gram tumor as a function of heat dose. The p-value for an
overall difference among means among the infected cells at the 3 different temperatures was
p <0.0001. The test for an increasing trend in mean levels with temperature was also
significant at p < 0.0001. B) Radioligand uptake in % injected dose/gram tumor as a function

of heat dose. Data from Table 3; bars, £SD
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Figure 8: A) Correlation of tumor radioligand uptake in % injected dose/gram tumor and
tumor mIL-12 concentration in pg mIL-12/gram tumor from Balb/c mice bearing 4T1
mammary tumors as described in Figure 7. Results demonstrate strong correlation between
tumor radioligand uptake and mIL-12 production in response to heat treatment. B) The same
experiment was repeated in C57BL/6 mice bearing B16.F10 melanomas. Results also show
strong correlation between radioligand uptake and mIL-12 production in response to heat

treatment.
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SUMMARY/FUTURE CONCEPTS

The goal of this research was to evaluate a heat inducible gene therapy strategy to
target both reporter and therapeutic transgene expression to tumor cells exclusively and to
correlate the expression of therapeutic transgene expression with reporter gene detection.
The in vitro results showed a strong, positive correlation between therapeutic gene
expression and hsstr2 reporter gene expression that was regulatable by heat dose. These
results were validated with in vivo experiments where therapeutic mll-12 gene expression
measured by ELISA was strongly, positively correlated with hsstr2 activity as determined by
radioligand uptake. These in vivo results support the hypothesis that use of the heat inducible
hsp70 promoter in combination with the hsstr2 reporter gene can be used to 1) regulate
therapeutic and reported transgene expression in a temperature dependent manner, and 2)
monitor and quantify induced therapeutic transgene expression based on reporter activity.
While the results obtained in this mouse model were positive and encouraging, validation of
this system in a large animal spontaneous tumor model would better predict the successful
translation of this approach in people. Pets with cancer are excellent models of human
cancer, and positive studies in large animal spontaneous tumor models may expedite future
human clinical investigations. Imaging was not performed in this study because comparing
tumor radioligand uptake in % injected dose/gram tumor and tumor mIL-12 concentration in
pg mlIL-12/gram tumor is the gold standard for evaluating correlation between reporter and
therapeutic gene expression. Having now demonstrated a positive correlation between
reporter and therapeutic gene expression with direct tissue measurements, imaging may be
evaluated in future studies. However, one would expect that the strong correlation identified

would be persistent with imaging studies. The recent reports of somatostatin analogs
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radiolabeled with PET radionuclides for use in evaluating hsstr2 gene transfer in mice using

microPET imaging will likely prove to be a significant development for future studies. This

is a more sensitive imaging modality compared to gamma camera/SPECT imaging and holds
much promise for future studies with hsstr2.

While the inducible gene therapy reporter system evaluated in this research could be
used in many clinical settings for many different diseases, it may be ideal in cancer
immunotherapy. In this research, I used a replication-incompetent adenovirus vector based
on an Ad5 recombinant system, with deletion of the E1 and E3 viral genes. My vector
included a therapeutic gene for mIL-12 and a reporter gene for the human type 2
somatostatin receptor, both under the control of heat shock protein promoters. The
recombinant adenovirus vector was injected intratumorally, and transgene transcription was
induced by the administration of local hyperthermia. This vector system efficiently
transduces both dividing and non-dividing cells which is ideal in the setting of tumors that
can contain a heterogeneous cell population of both dividing and quiescent cells. The strong
immune response against adenoviral vectors can be a disadvantage in certain applications.
However, when used in cancer gene therapy, the cellular toxicity and immunogenicity might
enhance antitumor effects. This is particularly true with the therapeutic gene used in this
research project which encoded the potent immunostimulatory cytokine IL-12. Also, the
local hyperthermia used to induce transcription of the therapeutic and reporter gene induces
the expression of heat shock proteins that may also play a role in tumor-specific immune
response. In addition, several studies have shown that an inhibitory signal is produced when

somatostatin and related analogues bind to somatostatin receptors, producing an inhibitory
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signal that is antiproliferative and reported to inhibit tumor growth in many animal tumor
models.

Direct tumor injection of heat inducible gene therapy vectors followed by local
hyperthermia has been effective in various preclinical studies. However, there may be a
limited number of accessible sites for direct injection and local hyperthermia administration.
Also, the serious problem of metastatic disease cannot be addressed with this local treatment
approach. Future studies could look at double targeting where transductional and
transcriptional targeting can be combined to create a double-targeted vector. This approach
could potentially be synergistic with regard to safety (transcriptional) and efficacy
(transductional). Transductional targeting could allow systemic vector administration to
address tumor sites not accessible for direct injection and to address metastatic disease.
Transcriptional targeting can regulate the magnitude and duration of gene expression within
the transduced cancer cells. With the inducible reporter system used in this study, addition of
transductional targeting followed by whole body hyperthermia would allow for treatment of
distant metastatic sites. This is the approach I would take to improve this system, especially
in regards to cancer gene therapy. If cancer gene therapy vectors can be both targeted to
transduce cancer cells and designed to undergo tumor-specific transgene expression, then the
level of transgene product within tumor can be greatly increased while sparing normal
tissues.

I could see a role for gene expression profiling by microarray in future studies.
Studies have shown that many types of tumors express or overexpress HSP70. Additionally,
somatostatin receptors have also been shown to be present and overexpressed in a number of

tumors. Thus, gene expression profiling could be used to determine those tumors types that
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have overexpression of HSP70 and consequently may show increased transcription of both
transgenes even in non heated controls due to tumor microenvironment activation of the
HSP70 promoter. Likewise, if the somatostatin receptors are already present or
overexpressed in certain tumors, results my show no correlation between reporter gene and
therapeutic gene expression when there may in fact be a correlation. Gene expression
profiling could determine which tumor types would be better suited for this heat inducible
reporter gene therapy application. Gene expression profiling by microarray technology could
also be used to determine tumor specific ligand-receptor interactions for transductional
targeting.

The results from the research reported here are significant because the development
of both regulatable transgene expression systems and noninvasive molecular imaging
systems that can measure therapeutic transgene expression both at the target site and on a
whole body level are essential for the rational progression of gene therapy into human

clinical trials.
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