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Recombinant adenovirus is widely used to deliver genes for cancer gene therapy. Coxsackie
and Adenovirus’ Receptor (CAR) is the primary receptor for recombinant adenovirus. Little
attention has been paid to determine CAR protein expression and promoter activity in vivo.
This study tested the hypothesis that targeted molecular imaging of CAR could predict the
tissue receptivity to viral infection and the response to treatment with histone deacetylases
inhibitor (HDACi). To image CAR protein expression, human prostate cancer xenografts
were established in nu/nu mice. The ability of iodinated anti-CAR intact, F(ab'), fragments
and control F(ab'"), fragments to distinguish CAR (+) tumors was tested by biodistribution,

gamma camera scintigraphy and validated by western blot. Tumor susceptibility to infection

\'%



was tested with adenoviruses carrying the reporter B—galactosidase. To assess CAR promoter
activity, a sodium iodide symporter (NIS) reporter construct containing the NIS open reading
frame driven by the CAR promoter (CAR-NIS), was constructed by directional cloning.
Tumor cell lines stably expressing CAR-NIS or empty vector were established. NIS protein
function was assessed by intracellular accumulation of 99mTcO4' and mRNA level was tested
by RT-PCR. The inductivity of the CAR promoter by HDACi in vivo was tested by imaging
CAR-NIS tumors after administration of **"TcO4 using a gamma camera. A replication-
deficient recombinant adenovirus coding CAR-NIS was constructed to deliver the reporter
construct to cells and tumors to permit radionuclide imaging. Radiolabeled anti-CAR F(ab'),
fragments more effectively distinguished CAR(+) from CAR(-) tumors at early time points.
Tumors with greater retention of radiolabeled anti-CAR showed higher levels of CAR
protein expression by western blot and B—galactosidase activity after adenoviral infection.
Stable CAR-NIS transfectants showed 16-fold to180-fold increase of **"TcO, accumulation
after HDAC:i treatment in PC3 prostate cancer cells or TCC bladder cancer cells, respectively
(p<0.001). Ad-CAR-NIS effectively delivered the HDACi inducible CAR-NIS into target
cells in a dose dependent manner. The transgene CAR-NIS expression was imaged in vivo
using gamma camera scintigraphy. Molecular imaging approaches to image CAR protein
expression and assess CAR promoter activity in vivo can predict tissue receptivity to
adenoviral infection and have potential to direct combination of gene delivery and

chemotherapy.
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CHAPTER ONE
INTRODUCTION

1.1 Prostate Cancer and Bladder Transitional Cell Carcinoma

Prostate cancer (PCa) is the leading cause of cancer and the second leading cause of cancer-
related death annually in men in the United States and Europe [1, 2]. Transitional cell
carcinoma of the bladder (TCC) is the second most common malignancy of all male
genitourinary cancers and the second leading cause of death of all the urinary cancer [1, 2].
Early prevention, detection and early treatment are goals for cancer management while
advanced invasive and metastatic PCa and recurrent TCC still remain challenging [3-8]. No
single treatment is effective for cure of both diseases and aggressive treatment of localized
diseases does not necessarily improve survival, or improve the quality of life. Gene therapy is
an alternative experimental approach for patients who are inoperable or unwilling to have
surgery. PCa and TCC are both ideal types of diseases for gene therapy because of the
regional anatomy of prostate and bladder, the existence of sensitive tumor diagnostic and
prognostic markers such as PSA and PSMA, and the known genetic and epigenetic
alterations in genes and gene expression associated with the progressions of PCa and TCC
[9-13]. Together with other traditional therapies such as chemotherapy and radiation therapy,
individualized combination strategies could improve the treatment efficacy of refractory

urogenital cancer [3-23].



1.2 Gene Therapy

Human gene therapy is defined as the transfer of genetic material into target cells of a patient
that will result in a therapeutic effect [24]. In cancer gene therapy, the goal is to effectively
eliminate most cancer cells or sensitize cancer cells to therapies without doing serious
damage to normal tissues and cells. In order to attain this goal, we need to deliver therapeutic
genes efficiently and specifically to targets by using different vectors. What makes an ideal
vector? An ideal vector system for use in cancer gene therapy would target only the desired
cells within the target tissue. It would allow expression of a therapeutic amount of transgenic
products for a certain time and ideally, the transgene expression could be regulated. So far
viral and non-viral vectors have been used to introduce the therapeutic genes into specific
human cell populations where the therapeutic product is required. Generally viral vectors
have higher transduction efficiency than non-viral vectors. However, no single vector system
seems to be optimal for all potential gene therapy applications [9, 24-29]. Currently, a
number of gene therapy clinical trials for hormone refractory prostate cancer are undergoing

Phase I/II clinical trial (www.clinicaltrials.gov). One challenge we are facing now is how to

achieve efficient and specific target gene delivery. Current viral vectors used for prostate

cancer gene therapy are summarized in Table 1 [9, 29].


http://www.clinicaltrials.gov/

Table 1. Comparison of Common Vectors

Vector Advantages Disadvantages Insert Size
High transduction efficiency; Infect dividing |Transient transgene
Adenovirus and nondividing cells; expression; Local tissue 75%b
High viral titers; High transgene expression; |inflammation; ’
No insertional mutagenesis. Immunogenicity.
Infects nondividing cells; Potential pathogenicity;
Herpes Virus No insertion mutagenesis; Moderate Short duration of transgene | 10-100 kb
transduction efficiency; expression;
Adeno-associated High transduction efficiency; Needs helper Ad; Limited 245 kb
Virus (AAV) Infects nondividing cells; insert size; Potential ’
No immunogenicity. insertional mutagenesis;
Potentially long term transgene expression;  [Relative low transduction 6-8 kb
Retrovirus (RVs) Infects dividing cells; efficiency; Potential
No immunogenicity. insertional mutagenesis;
Lentivirus Long. term transgene expression; Infect Potential 1r}sert10na1. 6-8 kb
nondividing cells; mutagenesis; Low titers;
Naked DNA Easy preparations; non-toxic; Poor efficiency. Unlimited
Liposomes Large insert size; non-toxic; Poor efﬁgency; prone to 50 kb
degradation;
DNA-protein complex |Large insert size; non-toxic; Poor efﬁmency; short 50 kb
expression

Adenoviruses are non-enveloped icosahedral viruses containing a 36 kb double-stranded
DNA genome. Of 51 serotypes of adenoviruses [30], serotypes 2 and 5 have been most
widely used as gene delivery vectors. Adenoviral vectors are among the most commonly
used viral vectors for gene therapy, second only to retroviral vectors. Several characteristics
make the adenoviral vector well suited for gene therapy: 1) It is ubiquitous; 2) It can enter
both dividing and non-dividing cells and it tends to yield high levels of gene transfer; 3) It
has low pathogenicity in humans; and 4) It will not be integrated into the host genome and
will not cause any insertional mutagenesis. The major disadvantages of adenovirus are: 1) It

has limited insert size; 2) It may stimulate a severe host immune response, especially when
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administered repeatedly; and 3) It has transient transgene expression since it does not

integrate into the host chromosome [9, 25, 31].

Adenoviral vectors are especially suitable for PCa and TCC since they are preferably taken
up by carcinoma cells [9, 11-13, 32-34]. Their local use in prostate cancer has shown
promising results in phase I clinical trials [14, 35, 36] and their systemic use in preclinical
models of PCa has shown systemic efficacy and good safety [37-39]. However, one critical
question for adenoviral gene therapy that remains to be addressed is how to evaluate the
potential efficacy of therapy before and after initiation of gene delivery using noninvasive
and real-time approaches, especially before the initiation of adenoviral gene delivery. By
monitoring adenoviral gene delivery efficiency at real time not only can we predict a
successful adenoviral gene delivery before the initiation of a gene therapy trial but also
evaluate and improve the transduction efficiency, direct therapeutic strategy and avoid
unnecessary host immune response caused by adenovirus mediated gene delivery.

There are two key steps for adenoviral infection: binding and internalization [32]. Vector
binding to specific receptor on cells in target tissue is a rate-limiting step. The initial high
affinity binding of adenovirus to the primary cellular receptor, Coxsackie and Adenovirus’
Receptor (CAR) occurs via the globular knob domain of the trimeric fiber capsid protein.
Subsequently, the interaction of Arg-Gly-Asp (RGD) peptide sequences in the penton base
protein with secondary relatively low affinity host cell receptors integrins a3 and o,fs
allows receptor-mediated endocytosis of the virus. The virion then escapes from the
endosome and localize to the nuclear pore where its genome is translocated to the nucleus. It

has been shown that the cDNA of receptor CAR encodes a typical immunoglobulin (Ig)-like
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membrane protein with two Ig domains that interact with adenovirus fiber protein. In
addition to the extracellular domain that is of most importance to the biology of CAR protein
[40], CAR cDNA encodes a 22-amino acid transmembrane domain and a 107-amino acid
intracellular (cytoplasmic) domain that has a putative tyrosine phosphorylation site that may
be involved in its role as a cell adhesion molecule but not essential for adenovirus infection
[41-43]. CAR is normally expressed in human brain, liver, lung, colon, small intestine,
kidney, pancreas, colon, prostate and testis [26]. CAR has drawn a lot of attention because of
its unique role in adenoviral gene delivery [44, 45]. Examination of CAR expression has
been the subject of several studies. Most of these studies were done by using in vitro
approaches such as RT-PCR and western blot. It was reported that CAR is differentially
expressed with respect to tumor types or different grades of same tumor. It can inhibit tumor
growth and it may be used to predict adenoviral gene therapy efficacy in cardiac diseases and
cancers [31, 42, 46-51]. However, what is lacking is a noninvasive, real-time approach to
assess this primary receptor CAR expression for adenoviral gene delivery in vivo. My
research interest is to apply noninvasive approaches to qualitatively and quantitatively
monitor the expression level of this potential marker for tissue receptivity of adenoviral gene
delivery at both the protein and promoter activity levels in urogenital cancers in vivo. The
accomplishment of the project will help to direct gene therapy at the interface of molecular

imaging and viral gene therapy for solid tumors.

1.3 Epigenetic Control of CAR by HDAC Inhibitor

It has been found that histone deacetylases inhibitor (HDACi) could effectively increase

tissue receptivity to adenoviral gene delivery by epigenetically regulate CAR expression [52-
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55]. During the development of cells of a multi-cellular organism, many genes are expressed

in a specific spatiotemporal manner because the structures of gene are differentially regulated.
The term "epigenetic" refers to the modification of gene structures leading to heritable
changes in the expression of gene that do not involve mutations of the DNA sequence [56,
57]. Histone modification (acetylation or deacetylation) is one of basic molecular
mechanisms that mediate epigenetic phenomena; the other is DNA methylation. It is closely
related to chromatin structure which is important to many cellular processes such as
transcriptional control in eukaryotes [58]. The fundamental structural unit of chromatin is
nucleosome, which is composed of a histone octamer core (2 H2A, 2 H2B, 2 H3 and 2 H4)
and bound DNA. The folding of DNA within the nucleosome can either promote or impede
transcription depending on the structural context. Histone-histone and histone-DNA
interactions are important for the initiation of transcription. The condensed chromatin
structure can be changed to accessible structure which allows the initiation of transcription
by inhibition of histone deacetylation. Figure 1 shows the histone acetyltransferases (HAT)

and histone deacetylases (HDAC) control the histone modification.

Figure 1. Histone Acetylation and Deacetylation

T|)
+ HAT c
NHy ————™ HyN CHj,
| HDAC | Histone acetyltransferases (HAT)
(CH2)4 (CH2)y transfer an acetyl group to lysine to
| | form e-N-acetyl lysine. Histone
PN PN deacetylases (HDAC) mediate the

. . reverse reaction.
lysine acetyl-lysine
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The acetylation of the lysine residues in the histone tails alters the strength of the bond
between the histone and DNA and loosens the contact between them because the acetylation
neutralizes the positive charge on histone, which initiates the binding of RNA polymerase
and transcriptional factors to the promoter region of any given gene thereby stimulating the
initiation of transcription [59]. HDAC catalyses the reverse reaction and therefore suppresses
gene transcription. HDACI inhibits the HDAC activity, which results in an increase in HAT
activity leading to gene transcription. HDACis have shown their anti-tumor potential due to
their ability to modulate transcription of certain tumor suppressor genes and to induce
differentiation and apoptosis [60-63]. In addition, they may also suppress tumor progression,
in part by inhibition of neovascularization [64, 65].

There are different categories of HDACis. Their chemical structures can be short chain fatty
acid, hydroxamates, cyclic tetrapeptides or benzamides and their inhibition efficacies are
different too [66]. Of them, FK228 is a fermentation product isolated from Chromobacterium
violaceum [67]. It shows the most potent ability in terms of in vivo inhibitory effect on tumor
growth of a prostate cancer xenograft model [68]. It also effectively increases tissue
receptivity to adenoviral gene delivery by up-regulating CAR expression [52-55]. The
combination of HDACis and other drugs such as ipriflavone could further induce CAR
expression in bladder cancer [53].

In this project, prior to initiation of gene therapy, I proposed to use molecular imaging
approaches to assess the CAR protein expression level and CAR promoter activity
responding to the HDACi treatment in vivo. There have been no previous studies using an

imaging approach to evaluate CAR expression at the transcriptional, translational or
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functional level to predict the adenoviral delivery efficiency before initiation of adenoviral
gene therapy. Since more and more studies have shown that epigenetic gene silencing plays
an important role in all stages of different cancers including prostate tumorgenesis [52, 69-
71], this approach may contribute to high throughput drug screening for suitable HDACi
which has potential to reverse epigenetically silenced genes in prostate cancer. Additionally,
this approach could also help to direct the combination of HDACi and other drugs for
increasing adenoviral gene therapy efficacy in urogenital cancers by assessing CAR promoter
activity and finally contribute to targeted molecular imaging guided combination therapy for

urogenital cancer.

1.4 Molecular Imaging and Cancer Gene Therapy

Molecular imaging is different from traditional anatomical imaging. It is broadly defined as
in vivo characterizations and measurements of biological events at cellular and molecular
levels by using reconstructed images acquired from living animals [72-75]. Merging different
disciplines such as cellular and molecular biology, genetics, biochemistry, biophysics and
powerful imaging modalities, molecular imaging can be used to monitor the location,
magnitude, and duration of specific gene expression, as well as to assess molecular events
happening inside the body. The ultimate benefits are to clarify disease occurrence and
mechanisms, direct therapeutics and predict prognosis in vivo at the cellular and molecular
levels [76-82].

Cancer gene therapy is an experimental approach to introduce genetic materials into cancer
cells in order to replace the defective genes, to stimulate immune response, to sensitize

chemotherapy or radiation therapy, to pro-apoptosis or anti-angiogenesis. Molecular imaging
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could play an important role in directing gene therapy by noninvasively imaging the gene
delivery, the transgene expression, the regulation of transgene and the therapeutic effects
produced by transgene expression at real time [37, 39, 83-86].

In this project, both antibody imaging (imaging the CAR protein expression) and reporter
gene imaging (imaging the CAR promoter activity) were utilized to address current problems
in urogenital cancer management and adenoviral gene delivery. The antibody imaging is
straightforward. It could be used for imaging of protein expression. The limitations of
antibody imaging include that the detectable signal could be limited by the expression level
of target protein and each specific protein expression would need a specific antibody. An
alternative approach to solve these is to image the target protein at the transcriptional level, in
other words, imaging the promoter activity using reporter genes imaging approaches.
Coupling different promoters and different reporter genes, reporter gene imaging can target
different molecular events at the transcriptional level. The versatility of reporter gene largely
broadens the choices of imaging modalities and imaging probes. The second half of this
project focused on in Vvivo reporter gene imaging, to image CAR promoter activity.

The term reporter gene is referred as a gene with a readily measurable expression or activity
that can be distinguished easily over the background of any given cells or tissues [72, 87]. In
the field of in vivo molecular imaging, reporter gene imaging is based upon two major
approaches. One is an intracellular enzyme based approach such as using herpes simplex
virus type 1 thymidine kinase (HSV1-TK) or luciferase (LUC). The other is cell membrane
receptor or transporter based reporter gene imaging, such as using human dopamine 2

receptor (hD,R) or human sodium iodide symporter (hNIS) [72, 78, 88, 89]. For an ideal
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imaging reporter gene, specificity, sensitivity, dynamic range (half life), and a reliable assay
are all important. Particularly for this project, the characteristics of an ideal reporter gene are:
1) It must be nontoxic; 2) It should not stimulate immune responses; and 3) The size of the
reporter molecule should be small enough to fit into a delivery vehicle. For imaging the
expression of this reporter gene, the contrast between target and background is the key while
the image signal should correlate well with gene expression in both qualitative and
quantitative ways. The choice of the promoter that drives the transcription of the reporter
gene is also important. The choice of promoter will allow different transcriptional control
over the expression of the reporter gene. Ideally, the use of tissue-specific promoters
provides a way of selectively targeting the tumor cells and potentially maximizes tissue or

tumor-specific radionuclide imaging and radionuclide therapy.

Studies have shown the feasibility of the PSA promoter to direct targeted prostate cancer
therapy or the CEA promoter to drive human sodium iodide symporter (hNIS) expression
and attain therapeutic effect in prostate cancer and colon cancer [90-93]. The CAR promoter
was chosen for this project because reduced CAR promoter activity correlates well with CAR
protein expression [71] and CAR promoter activity can be epigenetically upregulated by
HDAC: in urogenital cancer [53, 71]. Therefore, CAR promoter activity can be used to
predict CAR protein expression level for potential adenoviral gene delivery efficiency and

the response of HDACi treatment and combination therapy.
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1.5 Human Sodium lodide Symporter (hNIS)

HNIS was chosen as the reporter gene since it has many advantages that make it an excellent
candidate. It was first found on the normal human thyroid follicular cell membrane [94].
Researchers also found hNIS expression in normal extra-thyroid tissues: salivary gland,
gastric mucosa, choroids plexus, lactating breast tissue and placenta. hNIS can proportionally
transport a variety of anions such as iodine radioisotopes and pertechnetate in vivo [89, 95,
96]. Using Tc-99m-pertechnetate ("™ TcOy) or radioiodine ("*'I, '*T or '*I), gamma camera
scintigraphy has been widely used to assess thyroid function and direct radioiodine therapy in
the clinic. With the cloning of ¢cDNA of human NIS and rat NIS, the molecular
characterization and function of NIS have become clear [94, 97-99]. hNIS has been used for
studying human telomerase promoter activity and endogenous p53-mediated transcription at
transcription level [100, 101]. hNIS also has great potential in stem cell trafficking, in vivo
monitoring of epigenetic regulation and transgenic animal models [102, 103]. Besides its
imaging potential, hNIS has potential in therapy because of its ability to cause a cell to
accumulate toxic radioisotopes such as"'I, '"™Re and *''At. Therefore, it may act as a
"suicide gene". Both imaging potential and therapeutic effects after hNIS expression and
radionuclide treatment have been shown in many different tumor cell lines, such as the
thyroid cancer, prostate cancer, colon cancer, lung cancer, glioma, hepatoma, gastrointestinal
and pancreatic neuroendocrine cancer, melanoma, breast cancer and ovarian cancer [38, 86,
104-117]. However, none of the studies have used hNIS as a reporter gene to screen
HDACis’ potency and finally use hNIS to develop a therapeutic strategy combining

adenoviral gene delivery, chemotherapy and radionuclide therapy together.
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In general, compared with other reporter genes, hNIS has a lot advantages as a gene reporter.
1) It is naturally and physiologically expressed; 2) It has widely available and inexpensive
reporter probes such as **"TcOy4 and radioiodine that are already approved for clinical use by
FDA; 3) Its function can be monitored by different modalities of imaging including planar

gamma camera imaging, SPECT or PET (**"Tc, '**1,

Br); and 4) Its potential for targeted
radionuclide therapy, together with its suitable size for adenoviral delivery makes
combination of gene therapy, radionuclide therapy, immunotherapy and chemotherapy
possible. The proposed reporter molecule, hNIS driven by the CAR promoter, has its novelty
in that it is inducible by HDACis and its potential for prognostic evaluation of combination
of chemotherapy, radionuclide therapy and gene therapy. The proposed targeted imaging
approaches, including the anti-CAR imaging and reporter gene CAR-NIS imaging, will
provide a novel potential noninvasive assay system that permits evaluation of gene therapy
efficacy and identification of promising drug candidates with clinically relevant anticancer

activity. The ultimate goal is to extend these imaging approaches to direct combination

therapy in cancer research.

1.6 Radiotracers and Radionuclide Imaging Modalities

Tracer techniques refer to utilization of radioisotopes for the purpose of detection of location
and area where the isotope that is retained. The use of a radiotracer allows the detection of
the administered radiolabeled agents at the pico-molar level (i.e. a single gamma ray can be
detected), whereas CT and MRI are able to depict change in attenuation or signal intensity,
respectively from administered agents at milli-molar (mM) or micro-molar (uM) levels.

Thus, the radionuclide techniques provide opportunities to probe biochemical events that are
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not available to traditional radiological methods. In the clinic, short-lived

radiopharmaceuticals are injected into a patient's blood stream in amounts
of pico-molar concentrations thus having minimum effect on the process being studied. The
half-life of these materials is between minutes to weeks. The camera then takes a time-
exposure image of the pharmaceutical as it enters and concentrates in tissues or regions.

A gamma camera is an imaging device detecting the gamma rays emitted by radionuclide. It
is the basis of more advanced modalities including Single Photo Emission Computed
Tomography (SPECT) and Positron Emission Tomography (PET) [72, 74, 118]. The gamma
camera is often equipped with collimators which are devices to allow only those rays traveled
in a specified direction to be detected while others will be filtered.

Current commonly used molecular imaging modalities are compared in Table 2 [72].

Table 2. Comparison of Molecular Imaging Modalities

Spatial Temporal
Modality Imaging Sources Resolution Depth Resolution Sensitivity
Gamma Ray .. 10 sec- 11 12
PET (511 keV) 1-2 mm No limit minutes 107°-107"M
SPECT Gamma Ray 1-2 mm No limit minutes 10'°-10""™M
Optical Imaging Visible Light 3-5 mm l2mm | Seconds s g7y
(Bioluminescence) minutes
Optical Imaging Visible Light or 23 mm <1 mm segonds— 10°-10"M
(Fluorescence) Near Infrared minutes
MRI Radiowaves 25100 um | Nolimit | MPUES 101403 19y
hours
CT X-ray 50-200 pm No limit | minutes -
Ultrasound Ultrasound 50-500 um mm-cm seconds- -
minutes

MRI, optical imaging and nuclear medicine (PET, SPECT and planar scintigraphy)
techniques have been used to study endogenous and exogenous gene expression in vivo [72,

83, 87]. They differ in spatial resolution, temporal resolution, tissue penetration and
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sensitivity. In order to image molecular events at cellular and molecular levels, more
sensitive modalities are preferred. Optical imaging techniques are limited in tissue
penetration which limits their translational ability from small animals to big animals to
human. To image CAR protein expression and imaging CAR promoter activity by means of
imaging hNIS function, we chose gamma camera planar scintigraphy since the planar images
could be easily acquired in a short time and clinical gamma camera was widely available.
The planar images can be acquired in a high throughput fashion while at the cost of detailed
anatomical information and accuracy of quantification [72]. However, planar imaging could
provide "proof of principle" images. The planar images can be easily extended to
tomographic images with the help of dedicated SPECT and PET scanners, both of which
could display more anatomical and functional information in both qualitative and quantitative

fashions but take much more time for image acquisition.



CHAPTER TWO

IMAGING OF CAR PROTEIN EXPRESSION

Direct imaging of protein expression is to image the target protein by using an imaging probe
that can be retained specifically and proportionally at the expression location of target
proteins. Using radiolabeled monoclonal antibodies is a traditional way of direct imaging
protein (antigen) expression. Since the approval of CEA scan by FDA in 1996 [119], many
others have been approved such as Myoscint, Verluma, Prostascint, Rituxan, Herceptin,
Erbitux and Avastin for diagnostic or therapeutic purposes [120-127]. The success of
radiolabeled RmcB (monoclonal anti-CAR antibody) may exert its role as an indicator for
adenoviral gene delivery efficiency. The hypothesis of this part was that molecular imaging
of CAR protein expression could be used to predict the adenoviral gene delivery efficiency.

Many factors affect the detection of target protein in antibody imaging, such as the choices of
targeting agents (intact or fragments of antibody), the properties of antibodies and antigens,
the choices of radiolabel and radiolabeling procedures, the route and dosage of targeting
agents administration, the time of imaging, and the processing of imaging data. Each is
important in the optimization of direct antibody imaging. The details of preparation of

radiolabeled anti-CAR were addressed as follows.

2.1 Antibody Preparation

For the antibody, antibody fragmentation provides diverse molecules for radiolabeling and

subsequent studies. Antibody fragments are produced by enzymatic digestion of intact

15
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antibody. They always have a shorter circulating half-life than the intact antibody does. Due

to their smaller molecular weight, they can be filtered and excreted in increased amounts by
the kidney; they can diffuse faster and deeper into tumors [128-130]. More importantly, the
loss of Fc fragment also reduces binding by the Fc-receptor on hemopoietic cell surface.
RmcB [131] is a monoclonal antibody of murine origin, if administered in human, the human
anti mouse antibody (HAMA) could occur. HAMA will cause the loss of the target agent
(antibody) and an allergic reaction [132, 133]. Most of the HAMA response is directly
against the Fc portion of antibody, so the removal of Fc portion further decreases the
possibility of occurrence of HAMA. In addition, both human-murine chimeric antibodies and
humanized antibodies are undergoing investigation for possible solution to avoid HAMA

[134-136] .

Figure 2. Schematic Diagram of 1gG Structure

Whole (Intact) IgG antibody is composed of two heavy chains (Y shape) and two light chains. They are
associated with each other by disulfide bonds. Papain could digest intact antibody into F(ab'), or even smaller
Fab fragments. Adapted from http://www.probes.com/handbook/boxes/0439.html
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The choice of either intact antibody or antibody fragments (for example: F(ab'),, F(ab'),

diabodies and minibodies) is based upon their own properties and the purpose of the study
[129, 137]. F(ab"), fragments were chosen because of their relatively longer (compared with

smaller fragments) half life and higher tumor uptake (Table 3 [129] ).

Table 3. Properties of Different Targeting Antibodies

IgG Flab')z Fab’ Diabody scFv
Physical
Malecular wt 150 K 100 K 50 K 40 K 20K
Biological
Immune effector function Yes Mo No No No
t, blood 2-3d 1-2d 4h <4 h 1h
Target organ Liver Liver Kidney Kidney Kidney
Tumer binding
Uptake
1 = highest, 4 = lowest 1 2 3 3 4
Duration
1 = longest, 4 = shortest 1 2 3 3 4
Optimal accretion time Days Day Hours Hours Hour

In our experiment, affinity purified RmcB, an anti-CAR monoclonal IgG, was obtained from
Harlan (Madison, WI). The anti-CAR in PBS was further dialyzed against water to remove
salts and then lyophilized. Five mg of the desalted anti-CAR was used for the preparation of
F(ab'), fragment following the protocol of the F(ab'), Preparation Kit from Pierce (Rockford,
IL). In brief, the antibody was resuspended in the elution buffer and then digested with
immobilized ficin for 24-48 h at 37°C, depending upon the amount of intact antibody,
followed by protein affinity column purification to remove undigested IgG and Fc fragments.
The F(ab'), fragment, collected in the flow through from the column, was further desalted
and concentrated using an Amicon Ultra (MW cut off: 30k) filtering device (Millipore
Bedford, MA). For comparison, a control F(ab'), was prepared by the same protocol using
isotype matched mouse IgG1 (Southern Biotech) which reacts with the hinge region of the

heavy chain of human IgG1. The concentrated F(ab'), fragments were then applied to SDS



18
gel electrophoresis under both non-reducing and reducing conditions to confirm the purity

before labeling (Figure 3).

Figure 3. Antibody Preparations Anti-CAR vs. Control 1gG1
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Lanes 1-3 Anti-CAR under non-reducing conditions (1 Intact, 2 F(ab’),, 3 Undigested Intact).
Lanes 4-6 Anti-CAR under reducing conditions (4 Intact, 5 F(ab"),, 6 Undigested Intact).
Lanes a-c Control IgG1 under non-reducing conditions (a Intact, b F(ab'),, ¢ Undigested Intact).

Lanes d-f Control IgG1 under reducing conditions (d Intact, e F(ab"),, f Undigested Intact).
M: Molecular marker (Invitrogen®).

2.2 FACS Studies

Fluorescence Activated Cell Sorting (FACS) provides the "demographics" of heterogeneous
mixtures of cell suspension and separates them into their different classes based upon
intensity of fluorescence they emit when passing through a laser beam. To validate the
efficacy of anti-CAR monoclonal antibody, membrane fluorescence staining was performed
on a single-cell suspension with the use of anti-CAR monoclonal antibody [131] and

fluorescein isothiocyanate (FITC)-conjugated secondary antibodies. Fluorescence-activated



19

cell scanning was performed with a dual-laser Vantage flow cytometer (Becton Dickinson,
Mountain View, CA) delivering 50 mW at 488 nm with an Enterprise® air-cooled laser.
Analysis was performed using LYSYS® II software (Becton Dickinson, Mountain View,
CA). The positive population of cells was determined by gating the right-hand tail of the
distribution of the negative control sample for each sample for each individual cell line at
1%. This setting was then used to determine the percentage of positive cells for each
individual cell line [46, 47]. The anti-CAR antibody was shown to be effectively
differentiating high CAR expression cells (RT4) from control cells (T24) shown in Figure 4.

The same antibody was used for future studies.

Figure 4. FACS Analysis of CAR Expression
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2.3 Animal Model Establishment

All animal procedures were approved by and conducted in accordance with guidelines of the

UT Southwestern Institutional Animal Care and Research Advisory Committee. To induce
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human tumors in nu/nu mice (Harlan), 1-2 x 10° cells per site were subcutaneously injected
into both flanks of 6 to 8-week-old male hosts, one side with CAR (+) cells (PC3-Tailless),
the other with CAR (-) ones (PC3-Neo). The cell lines were chosen because: 1) PC3 is a
spontaneously established and commonly used cell line; 2) It represents a group of androgen
independent human prostate cancer; 3) It does not secret PSA which makes the diagnosis and
prognosis of this group of PCa very difficult [138]; and 4) PC3-Tailless is CAR (+) cell line.
It is a cell line stably transfected with CAR-Tailless, a mutant CAR gene with a deletion of
the cytoplasmic domain, which is not essential for adenovirus binding, of CAR cDNA [43,
47, 139].

Prior to injection, an in vitro cell growth study was performed to confirm that both cell lines
would grow at the same rate (doubling time is approximately 18 h). To do crystal violet cell
growth assay [140], equal numbers of PC3-Neo cells and PC3-Tailless cells (5 x 10*/well)
were plated in a 12-well plate. After 1, 3, 5, 7 days, cells (quadruplicate wells) were fixed
with 1% Glutaradehyde for 15 minutes and then stained with crystal violet for another 15
minutes. Two hundred pL Sorenson’s solution [140] was used to elute the dye from the cells
and then read optical density (OD) at 405 nm. The assay showed the two different PC3

derivatives grow at the same rate (Figure 5).
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Figure 5. PC3 Growth Study
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Subsequently, the same numbers of cells was mixed at 1:1 volume with Matrigel that
provides basement membrane extracellular matrix for tumor growth (BD Biosciences) [141].
Once the tumors became palpable, the volume of subcutaneous tumors was measured weekly
with a caliper, and tumor volume was calculated (volume=length x width x height x 0.5236)
until the tumor volume was around 30-40 mm’. Only animals with similar size CAR (+) and
CAR (-) flank tumors (Figure 6) were used in biodistribution and imaging studies. The mice
were subjected to sacrifice if the tumor grew to more than 10% of the body weight or the

tumors started to ulcerate.
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Figure 6. Animal Model

Human xenografts were established in
nude mice. One flank bears PC3-
Tailless cells, the other flank PC3-Neo
cells. Tumors with similar size were
chosen for imaging studies.

2.4 Radioiodination and Quality Assurance (QA)

The choice of radionuclide is essential for imaging of CAR expression. Ideally, for
radiolabeling, the procedure should be simple, reliable and reproducible. For imaging
purpose, radionuclides that won’t interfere with normal physiology and with appropriate
physical and biological half-life are preferred because the background activity is caused by
non-specific uptake, normal distribution or metabolism of reporters or probes. Their radiation
properties, including the decay mode, half-life, and emission energy, are all important.
Currently, there are two major categories of radionuclide commonly used for radiolabeling of
monoclonal antibodies: radiohalogens and radiometals. In contrast to radiometals,
radioisotopes of iodine have the advantages of easy labeling procedures, well-known
chemistry, and rather high specific activities [142-144]. More importantly, the versatility of
iodine radioisotopes allows advanced imaging modalities such as SPECT (‘*’I) and PET
(124

I). Because of the above reasons and their common availability, radioiodines were chosen

to label the anti-CAR antibody and its fragments. Specifically, '*I (T, = 13.2 h) was chosen
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to image the CAR expression repeatedly because of its preferential imaging properties. No

matter what radioisotope is used for radiolabeling, the radiolabeled antibodies should retain
their original protein integrity, stability and immunoreactivity.
2.4.1 Radioiodination

1251, 131 and "'I (Table 4) have the advantages of easy

Among the radioisotopes of iodine,
availability and relatively low cost. lodination is accomplished by substitution or addition of
iodine atoms into organic molecules. Basically there are two procedures to label compounds
with radioiodine: 1) The exchange reaction. The compounds are initially labeled with non-
radioactive (cold) iodine and then exchanged with radioactive iodine (hot) atoms. This

procedure yields low specific activity compounds. Normally the compounds are heated to

enable the exchange process. Thus, it is not practical for proteins.

Table 4. Characteristics of Commonly Used Radioiodines

Isotope Half Life |Decay Mode Major Emissions

[-123 13.2h EC, vy 159 keV

[-124 42d EC, B" 690 keV

I-125 60d EC, y X-ray (98%)

1-131 8.0d B,y 364 keV (80%), 637 keV (9%)

2) The substitution reaction. In direct iodination, the substitution reaction takes place on the
hydrogen in an aromatic ring of the tyrosine. The radioactive iodine must be oxidized to an
eletrophilic reactive species. There are a variety of oxidizing agents with different
characteristics such as iodine monochloride, chloramine T (N-choloro-4-methybenzene

sulfonamide), IODOGEN® and lactoperoxidase. Though chloramine-T is a stronger
p g
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oxidizing agent than IODOGEN®, it may lead to more degradation to peptides or proteins

[143, 145]. Bolton-Hunter agent (Appendix B1) is an indirect iodination method in which
Bolton-Hunter reagents [146] are labeled with radioiodine and then attach to e-residue on
lysine other than residue on tyrosine of the antibody and thus decrease the possibility of in
vivo dehalogenation which happens on tyrosine. It is extremely useful for proteins without
tyrosine group. However it is more time-consuming and has variable incorporation yields
[142-145, 147, 148]. IODOGEN®™ (Appendix Bl) was chosen for radioiodination of
antibodies because 1) IODOGEN® is in solid phase; 2) It is stable; 3) It has high
incorporation yields; and 4) The labeling procedure is relatively easy.

Briefly, the IODOGEN® tubes were prepared by plating on one inner side of 12 x 75 mm
glass tubes 20-50 pg of IODOGEN®™ (1,3.4,6-tetrachloro-3a, 6a-diphenylglycoluril), from a
1 mg/mL solution in chloroform. After evaporation, the tubes were protected from light,
capped and stored in an anhydrous environment at 4°C until use. The iodination of intact
antibody or F(ab'), fragment was performed by adding on the opposite side of the
IODOGEN® tube (the other side is IODOGEN® in solid phase): 25-50 uL of 10 mM PBS
pH 7.4, approximately 100 pg of protein from a 1 mg/mL solution, and 1-2 mCi of the
sodium radioiodine solution. The tube was then rotated for direct contact with the
IODOGEN® spot, placed on ice, incubated for 4-5 minutes with occasional stirring. Free
iodine was separated from the iodinated compound on a Sephadex G25 pre-packed column
(Amersham Pharmacia Biotechnology). The desalted protein was eluted with 10 mM PBS.
The radiolabeled product was collected as follows: After the void volume (about 2 mL), 10-

20 fractions of 200 uL each were eluted and collected. The highest activity fractions (labeled
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protein) were pooled together (if necessary) for animal injection. Before pooling, the
radiochemical purity of each fraction should be measured (addressed in following section).
An alternative to purify the iodinated antibodies is to use Centricon (MW cutoff: 30k) from
Millipore. Centrifuge was performed at 5,000 rpm (Hermle Z300K) for 60 minutes. 10mM
PBS was used to elute the labeled antibodies. Radioactivity was measured with a dose
calibrator (model CRC-15R, Capintec). The radiochemical yield, radioactive concentration
and specific activity were calculated after radioiodination. The radiolabeled antibodies were
also subjected to further quality assurance and then diluted to the desired activity and
concentration in 0.1% BSA PBS for biodistribution and imaging studies.

The major disadvantage of radioiodinated antibodies is that the radioiodine label could be
rapidly dissociated (deiodination) from the antibodies because of intralysosomal proteolytic
digestion caused by deiodinases. The mechanism of in vivo deiodination is not clear yet. One
possibility is deiodinases may not distinguish radioiodinated tyrosine from thyroxine. The
occurrence of dehalogenation may differ in different antibodies and different labeling
methods [143, 145, 149]. Alternative approaches to minimize the degree of in vivo
dehalogenation include to attach iodide to groups other than tyrosine such as Bolton-Hunter

111

moiety as discussed above or to use radiometal labels such as indium-111 (" 'In), yttrium-90

°°Y) (therapeutic purposes only), rhenium ("**Re, '*Re) or copper (“’Cu, **Cu) [143, 150-

152]. These could be addressed in future studies.

2.4.2 Quality Assurance

The collected labeled intact or fragments of antibody were subjected to quality assurance

(QA) wusing instant thin layer chromatography (ITLC), high-performance liquid



26

chromatography (HPLC), gel assay and radio-immunoreactivity assay.

Figure 7. ITLC Strip

Whatman® No.l Filter Paper.
One pL labeled antibody was
spotted onto using pippet at the
original point (solid arrow) and
ran in 85% methanol until the
solvent front reached the end-
point shown by the dot arrow.

Radiochemical Purity

Radiochemical purity refers to the fraction of a given radioisotope (radioiodine) in the
desired chemical form (radiolabeled antibody) [153]. It was analyzed by instant thin-layer
chromatography (ITLC) using Whatman® No. 1 filter paper (Figure 7). The solid phase of
ITLC is silica gel and the mobile phase (solvent) is 85% methanol in 10 mM PBS. ITLC
strips were cut into pieces after running the strip in solvent and then the radioactivity in each
small piece was measured with a y-counter (Wizard Automatic y-Counter, Perkin-Elmer).
The amount of incorporated radioiodine is determined as follows: Percentage of I poung= 100
x (activity of lower strip half) / total activity. Alternatively, radiochemical purity could be
analyzed by a radio-TLC scanner (Raytest, Shell). Radiolabeled species move with their
unique retention factor (Ryf) values, defined as the distance traveled by the compound

(radiolabeled antibody) divided by the distance traveled by the solvent. For radiolabeled anti-
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CAR antibodies, the labeled antibodies stayed at the point of application and free iodine

migrated to the solvent front. The Ry value for labeled antibodies in this project was around 0.
The radiochemical purity of the antibodies was found to be around 90% before purification
and about 99% after purification.

Protein Purity

Electrophoresis separates proteins by their electrical charge and molecular weight. SDS-
PAGE gels (Invitrogen) were run under both reducing and non-reducing conditions to
exclude possible property changes of the radiolabeled antibody or antibody fragments
(protein purity). The addition of 2-mercaptoethanol (2-BME) as a reducing agent is to break
down all disulfide bonds in the antibody structure to generate smaller fragments and separate

the fragments by their size (Figure 8).
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Figure 8. Autoradiograph of Labeled Purified Anti-CAR and Control Antibody
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Lanes a, b and e: Labeled proteins under non-reducing conditions. Lanes c, d and f: Labeled proteins under
reducing conditions. Lanes a, c: Intact anti-CAR. Lanes b, d: Purified anti-CAR F(ab'), fragment. Lanes e, f:
Purified control F(ab'), fragment. H=heavy chain. L=light chain.

As expected, under non-reducing conditions, intact antibody migrated around 150 kD. The
F(ab"), fragment migrated around 100 kD and was smaller than the intact antibody (Figure 8
lanes a, b and e, respectively). Under reducing conditions the labeled intact antibody showed
2 bands, the larger being the heavy chain and the smaller faster migrating one, the light chain
(Figure 8 lane c). The reduced F(ab'), fragments migrated as a single 25 kD band (Figure 8
lane d, f).

Serum Stability

The serum stability of radioiodinated antibodies was tested by using radio-TLC and size-
exclusion high performance liquid chromatography (SE-HPLC). Radio-TLC has been

addressed in previous section. For SE-HPLC, 5-10 pCi radiolabeled antibodies were mixed



29

with 200 pL mouse serum (Sigma) and incubated under room temperature and 37 C. At 0, 2,
24 and 48 h after incubation, a 25 pL aliquot of serum sample was taken out for SE-HPLC
analysis using a BioSuite 450 column (Waters). The HPLC system (Waters, Figure 9)
consists of pump control separation module (Model 2690), a programmable photodiode array
detector (Model 996), multi-wavelength UV absorbance detector (Model 490), a radio

detector (Shell) and an auto- sampler (Model 717).

Figure 9. HPLC (Waters)

Samples (20 pL) were introduced via an auto-injector with a 20 pL loop and the
chromatographic methods were carried out at ambient temperature. Data acquisition and
analysis were performed using the Empower® chromatography software (Waters
Association), which communicated with the HPLC equipment. The column was equilibrated
for 30 minutes before running each sample. Time point 0 was used as control. Labeled
antibodies in PBS, unlabeled antibodies and free iodine-125 (Na'*’I) were also used as
controls. Fractions were collected every one minute for 30 minutes. Elution conditions were

as follows: flow rate = 0.5 mL/min, solvent: 0.1 M Sodium Phosphate Buffer + 0.05%
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Sodium Azide, UV detection= 280 nm. The fractions were counted by gamma-counter and

the counts per minutes were plotted as a function of retention time. Under these parameters,

125 125

the retention time of free “°I was approximately 27 minutes and the 1 labeled intact anti-
CAR and F(ab'"), fragments were approximately 19 and 21 minutes respectively. After 48 h
incubation at 37°C, the radiolabeled anti-CAR antibodies were not degraded in mouse serum
shown by unchanged retention time as labeled antibodies in PBS. Simultaneously, radio-TLC
showed after incubation in mouse serum, the labeled antibodies kept their radiochemical
purity around 99%. There was no clear dehalogenation of radioiodinated anti-CAR or its
F(ab'), fragments in the mouse serum under 37°C in vitro. However, the stability could be
different in vivo because the amount of dehalogenase may vary in circulation. This was
further discussed in biodistribution studies.
Immunoreactivity
The measurement of immunoreactivity was tested by Lindmo’s assay. This assay is based
upon the principle that the fraction of immunoreactive radiolabeled antibody is accurately
determined by linear extrapolation to binding at infinite antigen excess. The immunoreactive
fraction "r" is determined as the inverse of the intercept value [154]. In following equations,
[B] is the concentration of bound antibody; [F] is the concentration of free antigen; [T] is the
total concentration of antibody.
[B]=Ka [F][rT-B]
[TV[B]=1/r+1/rKa[F]

To test immunoreactivity, different concentrations of CAR (+) PC3-Tailless or CAR (-) cells

PC3-Neo in 1.0 mL of 1% BSA in PBS were incubated (Started with 2 x 10" cell/mL, 1:1
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serially diluted to 3.125 x 10’ cell/mL) with labeled ('*°I labeled F(ab'),) and /or unlabelled

antibody. CAR (-) cells were used as controls. Non-labeled Anti-CAR F(ab'), was used for
determining the specificity of labeled antibody. The cells were kept in suspension through
moderate rotation (50 rpm/min) and incubated at room temperature for 2 h (The time and
temperature were determined by a series of separate experiments comparing different
temperatures: 4°C, 37°C and room temperature and different incubation times: 1, 2, 4 and 24
h). Cells were harvested by centrifugation followed by 3 washes with media to remove
unbound antibody. Supernatant and cell pellets were counted separately for radioactivity
using a y-counter. The specific binding percentage was calculated and the data was plotted
using the inverse binding (T/B) versus inverse cell concentration (mL/10°). The linear
extrapolation was used to decide the immunoreactive fraction of radiolabeled anti-CAR
F(ab"),. The results showed that the labeled anti-CAR F(ab'), could specifically bind to CAR
expressing cells. This was shown by a blocking study (Appendix B2) in which the binding of
labeled antibody to cells was blocked when cells were pretreated with unlabeled anti-CAR

F(ab'), was blocked. Somewhat disappointingly, the immunoreactive fraction "r" was

calculated to be 0.25 (Figure 10).
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Figure 10. Immunoreactivity of ?°I labeled Anti-CAR F(ab’),
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The reasons could include:

1.

11.

iil.

The IODOGEN" procedure affected the protein property. Though the SDS-PAGE
gel showed good protein integrity, it could be that the integrity of the radiolabeled
protein is good but the radiolabel is on critical residues for binding to the antigen.
To further exclude this, Lutetium-177 (*"’Lu)-labeled F(ab'), was used to take the
place of radioiodine label and test the immunoreactivity since '’'Lu does not label
the tyrosine residues. The results showed the "r" was even lower.

The specific activity is too low? In this case, the unlabeled antibody in the
preparation would take over the labeled antibody and saturate most the binding
site. In order to exclude this, different radioiodination approaches could be used in
order to improve the specific activity.

"Antigen excess" status had never been attained. This will cause systematic errors
in evaluating the immunoreactivity by using Lindmo’s assay [155]. Further

studies are needed to address the binding sites per cell in order to apply other
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mathematical model to calculate the immunoreactivity without attaining “antigen
excess” status [155-158].
iv. Alternative approaches to address immunoreactivity are needed, including using
radioiodinated antibodies to perform a FACS study and then compare with the
FACS study of unlabeled counterparts.
However, since it is true if the immunoreactivity is low, the labeled antibody could behave
very differently in targets, low immunoreactive antibodies would suffer from a more rapid
clearance from the tumor and much slower clearance rates in non-tumor organs [159]. These
could be further proved by biodistribution and imaging studies. To do biodistribution studies,
about 5 pCi of radiolabeled (‘*I) antibody (either anti-CAR or control antibody) was
intravenously administered to each mouse for biodistribution experiments while
approximately 100 uCi of '*’I radiolabeled antibody was administered for imaging. In any

particular experiment the dose/animal was the same for each animal.

2.5 Biodistribution Studies

Six to eight weeks old athymic mice bearing CAR positive (CAR (+)) and CAR negative
(CAR (-)) tumors on either flank were anesthetized with avertin (4.0 mg/10 g) by
intrapertioneal injection. Subsequently, labeled intact (*'T) and F(ab'), fragment ('*°I ) of
anti-CAR were intravenously administered simultaneously for a paired biodistribution study
which allows the direct comparison of intact and F(ab'), fragment in the same animal [160].
At various time points after injection, the blood, major organs, and tumors were harvested,
weighed, and activity was counted in a PerkinElmer1470 y-counter in the appropriate

channel. Target to background ratios were calculated as the ratio of tumor activity (%ID/g)
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divided by the activity in the blood (%ID/g). The specificity, that is, the ability to

discriminate CAR (+) and CAR (-) tumors by the labeled anti-CAR antibody, was quantified
as the ratio [%ID/g CAR (+) tumor] / [%ID/g CAR (-) tumor]. For comparison, 5 nCi of
labeled F(ab'), fragment generated from control mouse IgGl were injected into 36 mice
bearing same tumors and the same organs were collected at the same time points as for

labeled anti-CAR biodistribution in a control biodistribution study.

Figure 11. Biodistribution of Radiolabeled Intact Anti-CAR
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'] labeled intact Anti-CAR was i.v. injected and major organs were collected at different
time points. Activity was counted and normalized with standard and organ weight for %ID/g.
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Figure 12. Biodistribution of Radiolabeled Anti-CAR F(ab’),
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127 Jabeled Anti-CAR F(ab'), was i.v. injected and major organs were collected at different time
points. Activity was counted and normalized with standard and organ weight for %ID/g.
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Figure 13. Biodistribution of Radiolabeled Control F(ab'),
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12T Jabeled control F(ab'), was i.v. injected and major organs were collected at different time
points. Activity was counted and normalized with standard and organ weight for %ID/g.
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Figure 14. Tumor/Blood for Radiolabeled Anti-CAR and Control Antibodies
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Activity in CAR (+) tumors and blood was determined as a function of time for each form of
radiolabeled antibodies. Tumor to blood ratios are shown. Error bars were omitted for clarity.

Figure 15. Specificity of Radiolabeled Anti-CAR and Control Antibody Tumor Targeting
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Activity in CAR (+) and CAR (-) tumors was determined as a function of time for each form of radiolabeled
antibody. The ratio of activity in CAR (+) / CAR (-) are shown. Error bars were omitted for clarity.
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The results of biodistribution of intact anti-CAR, its F(ab'), fragment are shown in Figure
11-15. The data were analyzed by ANOVA. Based upon these results, intact anti-CAR or its
fragments can be used for assessing in vivo CAR protein expression but with different
pharmacokinetics.

For heart, lung, kidney, stomach, glands (salivary and thyroid glands), liver, a significant
interaction between antibody form and time was observed (p<0.0001 for all organs). This
interaction indicates that there is a different time course for each antibody form, pointing to
higher activity or slower clearance for the intact form. Both forms of the antibody showed
blood pool activity at 2 h and 6 h higher than organs (Figure 11, 12). The radiolabeled intact
antibody cleared from the blood pool slower than the labeled fragment (Figure 11, 12,
Appendix B3, p<0.0001 for form vs. time interaction). This higher blood pool activity was
also reflected in the higher heart and lung activity. Starting at 24 h post-injection,
intratumoral activity, expressed as %ID/g, was higher in CAR (+) tumors irrespective of
form of the anti-CAR (Appendix B4). For both intact anti-CAR and anti-CAR F(ab'), the
%ID/g in CAR(+) versus CAR (-) was significantly different (p<0.0001 for fragment, p=
0.0002 for intact, ANOVA).

The ability of radiolabeled antibodies to localize CAR (+) tumors was determined by ratio
between target (tumors) and background (blood) (Figure 14). The anti-CAR fragments
produced higher target to background (%ID/g tumor to %ID/g blood) ratios at all time points,
most strikingly from 24-96 h. For example, at 24 h the ratio was 3 versus only 1 for the

radiolabeled intact antibody (Figure 14). The ratio peaked to a value of 9 at 72 h post-
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injection. The specificity of radiolabeled antibody localization into CAR (+) tumors was
determined using the CAR (-) tumors as controls (Figure 15).

£ 251 labeled control

In the biodistribution study of the control Ab, the general pattern o
antibody F(ab'), was similar to that of anti-CAR F(ab'), as shown by tumor/blood ratio and
CAR(+) / CAR (-) (Figure 13-15). There was no statistically significant difference between
CAR (+) and CAR (-) tumors (p>0.05) for %ID/g of this control antibody fragment. The
tumor / blood ratio for control F(ab'), fragments peaked at 1.7 at 48 h post-injection and
gradually declined. The CAR (+) /CAR (-) ratio was significantly lower than the ratio for
anti-CAR F(ab'), (p<0.01) at 24 h post-injection and later.

The tumor targeting ability of different antibodies was compared in biodistribution studies. In
the study, the %ID/g of radiolabeled anti-CAR F(ab'), was higher in both CAR (+) and CAR
(-) tumors (Appendix B3). Furthermore, F(ab'), cleared more rapidly than intact (Appendix
B4). This more rapid clearance was primarily responsible for the superior (9:1 vs. 1.3:1)
tumor / blood ratio at 72 h post-injection observed for F(ab'), fragment of anti-CAR. Actual
%ID/g was higher for the intact antibody. Antibody fragments also tend to be cleared more
readily by the kidneys and show less hepatic uptake (Figure 12, 13). The constant blood
activity in animals injected with labeled intact anti-CAR indicates tumor visualization over
background would not change much over this time interval. On the other hand, the lower
blood pool activity for radiolabeled anti-CAR fragments is beneficial for imaging using
short-lived radioisotopes and for improved conspicuity of lesions. More importantly, the

blood levels at 24 h were low enough to permit imaging with '’ labeled anti-CAR F(ab'),

fragments. Taken together, fragments have higher tumor/blood (T/B) ratios than intact
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antibody because of rapid clearance from circulation (decreased blood activity) and improved
penetration.

The specificity of different antibodies was also compared in above studies. The %ID/g for
either CAR (+) or CAR (-) tumors showed the antibody form*time interaction was
significant for anti-CAR, indicating the difference between intact and F(ab'), was not the
same across time points (p<0.0001 for both tumor types). For example at 2 h and 6 h, the
activity in CAR (+) was higher for F(ab'), , but for all other time points the activity was
higher for the intact antibody irrespective of tumor type. However, from 24 h to 72 h the
%ID/g values of intact anti-CAR for CAR (-) tumors remain nearly constant (Figure 11)
suggesting this activity was due to constant blood levels. On the other hand, the %ID/g
values increased with time for the CAR (+) tumors, indicating specific localization. Despite
the lower %ID/g at the later time points compared with intact antibody, the more rapid blood
clearance observed in the case of the anti-CAR F(ab'), fragments yielded higher CAR
(+)/CAR (-) ratios, indicating this form of anti-CAR may be the superior imaging agent over
the time frame of the study. The ability of anti-CAR F(ab'), to distinguish CAR (+) from
CAR (-) tumor was especially superior to intact anti-CAR at 24 h and 48 h (p<0.001). The
ID%/g of control F(ab'), was significantly different from anti-CAR F(ab'), at all time points
(Appendix B3) which indicated the importance of antibody specificity in tumor localization
and excluded the possibility that the antibody distribution difference was due to the
difference of blood flow in both tumors.

Additionally, in our study at early time points (2 and 6 h), the kidney activity for anti-CAR

F(ab'), was significantly higher than that for intact antibody (p<0.01), indicating the need for
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appropriate procedures to accelerate the wash-out from the kidney in order to decrease the
renal toxicity for future preclinical studies.

In summary, based upon biodistribution studies, the anti-CAR F(ab'), showed superior
tumor/blood ratios though actual tumor uptake (%ID/g) was lower than intact anti-CAR.
Limited by technical difficulties, the tumor / prostate ratio was not calculated. This could be
an important parameter when translating anti-CAR imaging approaches to orthotopic animal

models and human studies.

2.6 Radionuclide Imaging of CAR Protein Expression

A gamma camera was used for radionuclide imaging of CAR protein expression. In our
study, planar scintigraphic imaging was performed 24 h after injection of '*I labeled F(ab'),
of either anti-CAR or control F(ab'),. A 20-30-minute image was acquired on one head of a
Toshiba 9300 triple head clinical gamma camera equipped with different(depending on
radioisotope used) collimators. A 20% window was centered at different energy peak
depending on different radioisotopes (159 keV for '*I). Data were collected in a 256 by 256
matrix; appropriate zooming and orientation were used for better imaging display. The

xenografts were excised and counted ex vivo by a gamma counter after imaging sessions.
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Figure 16. Representative In Vivo Anti-CAR Images

Bladder

One hundred pCi I labeled anti-CAR F(ab'), or control F(ab')2 were i.v. injected, mice were anesthetized by
avertin and images were acquired for 10 minutes. Panel A shows a nu/nu mice bearing two human prostate
cancer tumors. The tumor on the left is CAR (-) while the tumor on the right is CAR (+). Panel B shows a
planar image obtained 24h after the intravenous injection of '*I labeled anti-CAR F(ab'),. Panel C shows a
planar image obtained 24h after intravenous injection of '*I labeled control F(ab'),.

Seven mice were used for anti-CAR imaging and two were used for control imaging studies.
For each mouse, approximately 100 uCi of '*’I radiolabeled antibody fragments were
administered for imaging. As shown in the representative image (Figure 16B), CAR (+) and
CAR (-) tumors could be effectively distinguished in vivo by direct molecular imaging of
CAR protein expression. The pixel intensity in the CAR positive tumor (3.9£1.5, n=7) was
2.240.4 (p<0.005) times higher than that of CAR negative tumor (1.7£0.6, n=7). The ex vivo
ratio averaged from 3 to 7:1 for CAR (+) vs. CAR (-) (n=5). The images obtained after

injection of control 123I-F(ab')2 is shown in Figure 16C. Using 12 labeled F(ab'), fragments

of either anti-CAR or control IgG1, the anti-CAR could distinguish the CAR expressing
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tumor while the control antibody could not. In comparison with traditional in vitro methods
of monitoring CAR protein, direct antibody imaging can image the protein expression
noninvasively in vivo.

123

There were some limitations of this approach. One was though I is the best radiotracer for

imaging purpose and the F(ab'), fragments target more efficiently than intact antibody, the

image quality was still affected by the iodide uptake of normal thyroid tissue and GI tract
because of in vivo dehalogenation. Blocking the thyroid, stomach and bladder activity before
imaging is necessary to acquire images in which the detector would be counting activity
mostly in tumors. To block those unwanted organs, one solution is to treat the animals with
saturated potassium iodide (KI) treated water (1:2000) or Lugol’s solution for three days
before imaging studies based upon acute Wolff-Chaikoff effect [161], i.e. the murine thyroid
iodide organification would be blocked when the iodide plasma levels reached a high
threshold. Alternatively, instead of radioiodination, one could use a metal radioisotope such
as Indium-111 to label the antibody and perform the imaging study [162]. In addition,
alternative radioiodination approach such as Bolton Hunter could also help. Finally, use of
shielding cover the upper body of the animal so that emissions from the tumor xenografts as
mostly detected could optimize the image.

Another limitation for CAR protein imaging was the animal model used here was established
using CAR stably transfected cells and the CAR expression may be artificially higher than
that in prostate cancer. Although the transfected CAR expressing cells have comparable CAR
level as naive prostate cancer cells such as DU-145 and LNCaP cells [139], for low CAR

expression cells such as PC3, a potential solution is to use a chemotherapeutic agent to pre-
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treat tumors and induce target CAR expression followed by monitoring it with molecular

imaging approaches.

2.7 In Vitro Validation of Anti-CAR Imaging Studies

Without confounding blood flow in protein extract, plus the amplification provided by the
detection system, western blot could be more sensitive than the in vivo approach. The
purpose of in vitro studies was to confirm the imaging findings. Western blots were used to
confirm the CAR protein expression in targets. In detail, cell lysate was prepared by
homogenizing tumor specimens in a lysis buffer containing 1% Triton X-100 and 10%
glycerol. The supernatant was collected by centrifuging at 12,000 rpm for 1 min at 4 °C.
Protein concentration of each sample was determined using the Bradford method (BIO-
RAD" Torrance, California). An equal amount (30 pg) of protein from each sample was
loaded into to a 10% SDS-polyacrylamide gel and electroblotted to a nitrocellulose
membrane. After blocking with 10 mM PBS containing 5% non-fat powdered milk, the
membrane was incubated with a polyclonal anti-CAR antibody (1:350) [163] for 1.5 h,
followed by incubating with the HRP-conjugated goat anti-rabbit IgG (1:2,500) for 1 h. After
an extensive washing with 10mM PBS containing 0.1% Tween 20, the immobilized antibody
was visualized using a SuperSignal® West Dura Extended Duration Substrate (Pierce
Biotechnology PerBio Rockford, IL). Bio-Image Intelligent Quantifier® software (Bio
Image) was used for quantifying the intensity of each protein band. To determine the relative
CAR protein levels, the intensity of the CAR protein band was normalized with the intensity

of the B-actin protein band from each sample.
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Figure 17. Representative Western Blot Detection of CAR
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2.8 Detection of Tissue Receptivity to Adenovirus of In Vivo Tumor

The ultimate goal of imaging CAR expression in Vivo is to predict the tissue receptivity to
adenoviral gene delivery and the transgene expression. To determine the tissue receptivity for
tumors with different levels of CAR expression, CAR (+) and CAR (-) tumors, grown in both
flanks of nu/nu mice, were directly injected with adenovirus containing a construct encoding
B-galactosidase (5x108 pfu). Prior to injection and tumor harvest, images were acquired and
the tumor with higher visual intratumoral activity was predicted to be CAR (+). In order to
compare the CAR expression level with the transgene (p-galactosidase) expression, tumor
lysate, either CAR (+) or CAR (-), was probed with both polyclonal anti-CAR (1:350) and
anti-f3-galactosidase (1:3,000) (Promega) and both CAR protein and (-galactosidase protein
bands were normalized with loading control as described in section 2.7.

On western blots, only CAR (+) tumor showed -galactosidase activity after 1-day infection.
The intensity of [-galactosidase bands showed a semi-quantitative relationship to CAR
expression level (Figure 18). The [-galactosidase enzymatic activity in the tumor
homogenates was determined as follows: tumors were excised from animal 24 h or 72 h after

virus injection and homogenized with cell lysis buffer as described above. OD4ps was
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measured using a microplate reader (Bio-Tek Instrument Inc.) and normalized to the protein
concentration of each sample. At Day 3, the CAR (+) tumor showed three times more

activity than CAR (-) tumor (Figure 19).

Figure 18. Western Blot Detection of CAR and f-galactosidase
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Figure 19. In Vivo Transduction of Tumors According to CAR Expression Status
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One limitation of our assay was although the enzymatic activity showed good correlations
between CAR expression and transgene expression, the western blot at 3 day after
intratumoral Ad-B-Gal failed to show correlations (data not shown). The transgene
expression in CAR (-) could be detected after 3-day intratumoral injection of Ad-B-Gal.
Though imaging may be sufficiently quantitative to act as a surrogate for tissue sampling to
determine the CAR expression profile when making treatment decisions, knowing when
tissue expression is optimal for viral infection, and CAR does play an role in adenoviral
delivery to prostate cancer xenografts model, one thing that will need to be kept in mind is
there is CAR-independent way for adenoviral delivery which may lead to adenoviral
delivered transgene expression even in CAR (-) tumors [164, 165]. In addition, adenoviral
delivered transgene expression in our animal model could also be caused by mechanical
force formed during intratumoral injection. This should be further addressed by using other
administration routes in the future. Thus, the measurement of CAR alone would not be
sufficient to predict the adenoviral gene delivery efficiency. Our approach did not directly
quantify viral uptake. One direct approach would have been using [*H]-thymidine labeled
adenovirus and measuring the amount of activity in tumor homogenates [163]. In addition,
strategies like direct labeling of viral vectors with a gamma emitter for imaging studies to

monitor viral uptake for evaluation of viral delivery efficiency will be needed in the future.



48
CHAPTER THREE

IMAGING OF CAR PROMOTER ACTIVITY

The hypothesis was in vivo reporter gene imaging could be used for noninvasive assessment
of the CAR gene promoter activity and developed for drug screening and evaluation of
efficacy of combination therapy. In this study, PC3 and TCC were chosen as cell model
because they both have very low CAR expression level [139, 163]. As mentioned in previous
chapter, for low CAR expressing cells, the anti-CAR imaging approach may not be suitable,
therefore methods to induce CAR expression are needed which provides us a platform to

image CAR promoter activity in vivo.

3.1 Directional Cloning (Construction of Reporter Molecule CAR-NIS)

Directional cloning was used to construct the novel reporter molecule CAR-NIS, i.e. DNA
inserts and vector molecules were digested with two different restriction enzymes to create
non-complementary cohesive ends at either end of each restriction fragment. This allows the
insert to be ligated with the vector in a specific orientation and prevent the vector from self-

ligation. The number of false positive clones thereby markedly decreases.
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Figure 20. Schematic Diagram of pcDNA3 (A) and pBluescript 11 (B)
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Panel A. The schematic diagram of pcDNA3 vector, hNIS cDNA was cloned in the EcoR I site.
Panel B. pBluescript vector, CAR promoter was cloned in multi-clone site (MCS).

The full-length hNIS plasmid (2.3 kb, cloned into pcDNA3 expression vector (Figure 20A) at
EcoR I site) was kindly provided by Dr. Sissy. M. Jhiang, Ohio State University, Columbus,
OH. To construct hNIS under the control of CAR promoter, the first step was to remove the
CMYV promoter that controls the constitutive expression of hNIS [166, 167]. The CMV
promoter was cut out by using restriction enzyme Hind III and Nru I. The promoter of CAR
was sub-cloned from a human genomic library and then cloned into pBS-bluescript vector
(Stratagene, Figure 20B). The CAR promoter (1.2 kb) was removed from the vector by
digestion with Sac I and Kpn I and then ligated by T4 DNA ligase with the no-CMV-
pcDNA3 vector (linearized with Kpn I). The plasmid was then used to transform E. Coli XLI
blue competent cells followed by selection with ampicillin. A single clone was selected based
on ampicillin resistance. The CAR-NIS plasmid was purified by QIAGEN mini-prep. The

insert was verified by both diagnostic enzyme digestion using Kpn I and Not I and DNA
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sequencing with designed primers (SP6: GATTTAGGTGACACTATAG; 21D:

GCTCTATCCCTACCAGAGATG; 41U: CATCTCTGGTAGGGATAGAGC). The
enzymatic digestion yield the correct size insert of 3.7 kb and the insert sequence was
confirmed by DNA sequencing. After confirmation, the CAR-NIS plasmid was amplified by
a Sigma® maxi-prep for future use. The final stock of DNA concentration was 0.12 pg/uL

and A26()2 Azg() =1.8.

3.2 Transfection

Transfection is a technique originally developed to allow viral infection of animal cells by
uptake of purified viral DNA rather than by intact virus particles. It has been developed to
allow entry of foreign DNA into target cells using different approaches. For transient
transfection, the transgene is not incorporated into the genome and is carried as an episome
that can be lost. This means that expression levels will not be constant over time, and will
eventually fade away. For stable transfection, the transgene is incorporated into the genome.
It thus provides stable, long-term expression at the cost of being more difficult to produce.
The prostate cancer cell line PC3 or bladder cancer cell line TCC was maintained in T-
medium supplemented with 5% fetal bovine serum. These cells were routinely cultured in a
humidified incubator at 37 °C with 5% CO,. In each transfection experiment, 1 ug of CAR-
NIS or pcDNA3 plasmid DNA (Empty vector for negative control) was added into each cell
line (4 x 10° cells/well) using LipofectAMINE® Plus (Invitrogen) according to
manufacturer’s protocol (Life Technology). For stable transfection, G418 (400 mg/mL)

(Stratagene) was added 24 h later after transfection and the stable transfectants were selected
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for neomycin resistance for 4 weeks with increasing doses of G418 (up to 800 mg/mL). PC3-
CAR-NIS and TCC-CAR-NIS were generated based upon above methods. PC3-Neo and

TCC-Neo were used as controls.

3.3 HNIS Functional Assay

Transfected PC3 cells (4 x 10° / well) or TCC cells (5 x 10° / well) were seeded into 6-well
plates in 2.5 mL T medium supplemented with 5% fetal bovine serum. CMV-hNIS
transfected cells were used as a positive control. After 24 h incubation at 37 C with 5% CO»,
the medium was aspirated and fresh medium was added containing different concentrations
(0, 1, 10, 50 ng/mL) of FK228 (Tujisawa Pharmaceutical Co. Osaka, Japan.). Another 24 h

later, *™

TcO4 uptake was initiated by adding 2.5 mL serum free T medium containing about
7.5 uCi ™TcO4  per well. Incubation was performed for an hour. Reactions were rapidly
terminated by removing radioactive medium and washing cells with ice-cold phosphate
buffered saline (10 mM PBS) three times. A phosphor plate was exposed by placing the
multi-well dish upon petri-dish for an hour and subjected to process using a Cyclone®™
Phosphor System (PerkinElmer) [168]. During the phosphor imaging process, the energy
from the radioisotopes ionizes the photostimulable crystals on the phosphor plate and leads to
release of detectable photons by a photomultiplier tube (PMT). After imaging, cells were
lysed using 500 pL 0.5 N sodium hydroxide and accumulated **"TcO,” was measured by a
gamma counter (Wizard Automatic y-Counter Perkin-Elmer). The cell lysate was subjected

to protein concentration measurement using the Bradford methods. Activity was normalized

to protein concentration.
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Figure 21. hNIS Functional Assay after HDACIi (FK228) Treatment in PC3-CAR-NIS
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A. Equal numbers of PC3-Neo or PC3-CARNIS were treated with the HDACi FK228 at different doses for 24h.
NIS function was tested by accumulation of *"TcO,". The counts per minute (cpm) was normalized by pg cell
lysate protein. Data is expressed as mean £ SD. B. Fold of induction was calculated by each sample’s cpm/pg
compared with baseline TCC-Neo. At FK228 dose of 10 ng/mL, the induction leveled off.
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Figure 22. hNIS Functional Assay after HDACI (FK228) Treatment in TCC-CAR-NIS
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A. Equal numbers of TCC-Neo or TCC-CAR-NIS were treated with the HDACi FK228 at different doses for
24h. NIS function was tested by accumulation of *™TcO,". The counts per minute (cpm) was normalized by per
pg cell lysate protein. Data was expressed as meantSD. B. Fold of induction was calculated by each sample’s
cpm/pg compared with baseline TCC-Neo. At FK228 dose of 10 ng/mL, the induction leveled off.
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For the PC3 transfectant, the basal level of radioisotope (**™TcO,) in PC3-CAR-NIS

(4.620.1 cpm/pg) cell was 2.5 fold greater than that of PC3-Neo. After treated cells with
FK228 50 ng/mL, PC3-CAR-NIS uptake increased to 30.8 £ 1.6 cpm/ug (16 fold compared
with basal line PC3-Neo) while PC3-Neo increased to 3 £ 0.2 cpm/ug (Figure 21A, B). For
the TCC transfectant, TCC-CAR- NIS uptake increased to 112.8 £ 11.9 cpm/ug, TCC-Neo
increased to 1.7 + 0.2 cpm/pug compared with basal line 0.6 £ 0.2 cpm/ug (Figure 22A, B).
The induction was shown to be dose dependent in above experiments. When cells were
treated with FK228 at 100 ng/mL, the fold of induction went down and more cell death
appeared (data not shown). FK228 treatment time was extended to 36 h or 48 h, while no
additional induction was found, there was more cell death. In order to decide the optimal
timing and dosage of FK228 induction of CAR-NIS, the above experiments were repeated
more than ten times, each time each cell sample was at least triplicate. Figures 21 and 22
were the representative results of one set of experiment. At the transcriptional level, real-time
PCR showed the CAR-NIS expression could increase by 360 fold when TCC-CAR-NIS cells
were treated with 10 ng/mL FK228 for 24 h (Appendix C2). The PCR results (mRNA level)
matched well with NIS functional assay (*"™TcO, uptake) results. Taken together, the new
reporter gene CAR-NIS was successfully stably transfected into both PC3 and TCC cells. In
the CAR-NIS expressing cells, the CAR-NIS gene expression was inducible with HDACi
FK228. In order to develop the approach for the purpose of drug screening or drug assay, the

induction of CAR promoter activity by other HDACis was tested.
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3.4 Drug Screening

The hNIS functional assay has potential to be used for screening suitable compounds for
combination therapy. In order to compare their ability for inducing the CAR promoter, the
PC3-CAR-NIS cells were plated and subjected to 24 h HDACi treatment, including FK228
(10 ng/mL), SB (Sodium Butyrate 10 nM), TSA (Tricostatin A 50 nM). After treatment, the
cells were incubated with medium containing about 7.5 pCi *"TcO4 in 3 mL 5% T medium
per well for 2 h and then cells were lysed and activities were counted as described in section
3.3. The results are shown in Figure 23. Compared with SB 10 nM(p<0.001), FK228 10
ng/mL and TSA 50 nM showed more potent effect in terms of induction of CAR promoter

activity.

Figure 23. hNIS Functional Assay of HDACI Treatment
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Different HDACis (FK228 10ng/mL, Sodium-butyrate (SB) 10 uM, Tricostatin A (TSA) 50 nM ) were tested
using functional assay. FK 228 (10ng/mL) shows the most potent inductivity. (Baseline: PC3-CAR-NIS without
treatment).
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3.5 Single Clone Screening

In order to prepare for the animal study, the most highly expressing clone of PC3-CAR-NIS
was chosen. To do this, 1, 5, 10 cells were plated in 12-well dishes, after about 10 days, the
colonies of single clones started to form. Using a cloning cylinder (Bellco Biotech), single
clones were selected and detached with 100 uL trypsin and re-plated into 6-well dish. When
the cells attain 90% confluence, mRNA was extracted and hNIS expression was quantified
by RT-PCR using designed NIS primer (section 3.8). The housekeeping gene 18S served as
an internal control. The NIS expression in each clone was determined by comparative ACT
methods. By doing this, expression of the target gene CAR-NIS in different clones of stable
transfectants was compared at the transcription level. Fifteen clones were screened with RT-
PCR and results showed there was no difference between clones at both transcriptional level

and protein functional levels.

3.6 Animal Model Establishment

A subcutaneous human xenograft mouse model was set up as described in section 2.3, one
side with PC3-Neo cells, the other with PC3-CAR-NIS cells. Though higher induction of
CAR promoter activity was observed, TCC cells were not used because they do not form
good tumors. Weekly tumor volume was measured 3-dimensionally by calipers. It took two
to three weeks for tumors to grow to about 50 mm” in volume and mice bearing size matched

tumors were chosen for reporter gene imaging studies.

3.7 In Vivo Reporter Gene Imaging

For "proof of principle", the CMV-hNIS expressing PC3 xenografts were established and
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image was acquired using **™TcO, / hNIS system (Appendix C1). The radionuclide imaging

techniques successfully imaged hNIS normal distribution in thyroid, stomach and PC3
expressing hNIS (Appendix C1). Next, the HDACi mediated CAR promoter activity was
tested by the *TcO4 / hNIS reporter gene imaging system.

The reporter gene images were acquired based on hNIS function. Before the imaging
procedure, a digital photograph of tumor-bearing mice was taken and the tumor size was
measured for further reference. The mice were pre-treated with L-thyroxine (T4) Smg/L
supplemented water for 2 weeks. On the image day, the mice were anesthetized with
Avertin® (Tribromoethanol) 4 mg /10 g and placed on a transparency with mice sketches on
it. A thermal blanket could be used to maintain body temperature if necessary. The neck and

the upper abdomen of each mouse were shielded with lead. For local administration, 10 pCi

99m 99my

TcO4 was injected intratumorally. For systemic administration, 70 uCi ~"TcO4 was
injected through tail vein or orbital sinus. Planar imaging was performed on one head of a
Toshiba 9300 triple head clinical gamma camera equipped with low energy high-resolution
collimators for 10 minutes or until approximately 100,000 counts were acquired. Before
acquiring baseline and post-treatment images, the difference in blood flow between both
tumors in different individual mice was assessed as follows. Five tumor-bearing mice were

injected with 1 mCi **™

TcO4" and dynamic images were acquired 3 frames per minute for 10
minutes. The acquired data showed that 5 mice exhibit same blood flow pattern in both tumor
regions. The optimal imaging time point was determined using different time points 60, 120,

180 and 240 minutes after intravenous administration of **TcO, by visually comparing

target (tumor) / background (blood) ratio. Since the tumors were implanted on the thighs of
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the body, the lowest possible pelvic background would be preferred. After the time point was

determined (1 h delay for systemic *’"TcO, administration, 4 h delay for local *™TcOy4
administration), the baseline images and post-treatment images were acquired by using the
following protocol: a high resolution general purpose collimator, 20% window centered at
140 keV energy peak of *”™TcOy, 256 by 256 matrix, appropriate zooming, and orientation
were used for better images display. After the baseline images, the animals were treated with
HDACi FK228 with different dosage (0.8, 1.6, 3.2 mg/kg) and different routes of injection.
The animals were then subjected to further serial imaging studies at different time points to
determine whether HDAC:i treatment induced CAR promoter activity. To treat the animals
with HDACi, FK228 was diluted with 1:20 mixed 5% Glucose. Each dosage of FK228 was
administered twice a week for up to 4 weeks. To quantify the results, the in vivo tumor
average pixel intensity was determined by ROI analysis using software available on the
clinical workstation. The ratios between CAR (+) and CAR (-) tumors were calculated based
upon average pixel intensity in ROI. After the imaging sessions were completed, the tumors
were excised, weighed and the ex vivo activity was counted using a gamma counter. The cpm
per mg tumor tissue was calculated for further analysis and compared with in vivo average

pixel intensity.
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Figure 24. Representative Image of Reporter Gene Imaging
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Panel A. Xenografts were established by implanting PC3-CAR-NIS tumor cells on one side while PC3-Neo
cells (NIS-) were implanted on the other side. Panel B. Baseline image acquired 4h after local injection of

10 puCi *™TcOy". Panel C. Post-treatment image acquired 4h after local injection of 10 uCi *TcO,". The upper
body of the same mice was covered by a lead shield. The average pixel intensity for CAR-NIS expressing tumor
was 1.5 while NIS- tumor was 0.6. The ex vivo counts were measured by a gamma counter after imaging.

Figure 24 shows representative images of CAR-NIS stable transfectant xenografts following
™0, administration. After the baseline image, acquired following local injection of 10
uCi *™TcOy4 and a 4 h delay, the mouse was treated with FK228 3.2 mg/kg i.p. twice a week
for 4 weeks and images were acquired weekly. On the imaging day, 10 uCi *™TcO, was
locally administered and 4 h later the post-treatment images were acquired. By doing this, the
washout rate of *™TcO, was imaged in vivo and it turned out the NIS expressing tumor
could retain **™TcOy longer after HDACi treatment (Figure 24). For NIS (-) tumor, the
radioisotope washes in and washes out with the blood, what was visualized was the
background activity in the blood. hNIS functions as a transporter for *’"TcOy ; however,

because of the lack of a fixation or organification mechanism for radioiodine in the tumor
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cells, the accumulated *"TcO, is washed out after being transported into the cell. In the
mean time, because of the 3D-structure of the tumor, the re-uptake of *™TcO4 by NIS
function is taking place which could prolong the retention time of **™TcO, for us to image
[169, 170]. Another thing should be pointed out here is, for CAR-NIS expressing tumor,
since CAR is a very weak promoter compared with CMV-hNIS used for "proof of principle”

99my

images (Appendix C1), " "TcO4 accumulation on baseline images was not visualized.
Although HDACi FK228 successfully induces CAR promoter activity in culture, for in vivo
studies, there was variability in response to FK228 treatment in terms of imaging of
induction of CAR promoter activity. These may cause inconsistent results for imaging
studies. To further find out the reason, mRNA was extracted from the same tumors for the
imaging studies and measured using RT-PCR (addressed in section 3.8). However, most of
these tumor samples” mRNA already degraded after ex vivo counting. In the future, a
separate group of mice will be needed to address the in vivo induction of CAR promoter
activity by FK228. The NIS expression at both transcriptional and translational level will be
studied and compared with in vivo imaging and ex vivo counting studies. If the CAR-NIS
expression was indeed induced at both mRNA and protein level while failed to be detected in
vivo, high activity injections, amplification strategies (discussed in 5.2) and more dedicated
imaging modalities such as small animal SPECT or PET should be used for this purpose.

In order to block the uptake of *"TcO, by unwanted organs such as thyroid and stomach, T4
was used and lower activity in thyroid was acquired. T4 could negatively feedback the

release of TSH whose suppression inhibits the hNIS at both transcriptional and translational

levels [171] . Since our reporter gene hNIS was driven by a CAR promoter, it won’t be
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affected by suppression of TSH. However, the inhibitory effect on thyroid of pretreatment

was not as good as that of shielding. More studies will be needed to address the high
background on the image caused by nonspecific uptake. In addition, about 10 mg/kg of
sodium perchlorate (NaClO4) could be injected intraperitoneally 30 minutes prior to > "TcOy
administration to assess the inhibition of **"TcOy uptake if necessary.

Another alternative way to image the HDACi effect using gamma camera imaging is to use
series of "difference" images based upon exactly same positioning of imaging subjects. By
definition, the "difference" image is made by subtracting the baseline image from the post-
HDACi-treatment images. The differences in tumors are the HDACi induction of CAR
promoter effects. These effects could be further compared with ROI analyses and ex vivo

counting.

3.8 In Vitro Validation of Reporter Gene Imaging

The tumors were excised and subjected to in vitro studies to confirm in vivo imaging findings.
Western blot was used to detect the hNIS protein expression. Total or membrane protein
from tumors or cells were prepared based on Pierce protocol (Mem-PER®). RT-PCR was
used to test hNIS mRNA level.

For western blot, tumors, thyroid and muscle tissue were frozen in liquid nitrogen. The
frozen tissue sample were homogenized and extracted in lysis buffer containing detergent
(usually NP40). Glycoproteins could be enriched using affinity chromatography by
incubating with wheat germ agglutinin (WGA) (EY labs) beads [172]. The protein
concentration was determined by Bradford Assay methods. About 20 pg of total protein (or

membrane protein) lysate were subjected to SDS-PAGE using 10% polyacrylamide gels and
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then transferred to nitrocellulose membrane. Immunodetection was carried out subsequently
using mouse anti-hNIS monoclonal antibody (1:5,000, Chemicon International). Anti-mouse
B-actin was used as the loading control. Bio-Image Intelligent Quantifier software (Bio
Image) was used for quantifying the intensity of each protein band. To determine the relative
protein levels, the intensity of the protein band was normalized with the intensity of the -
actin protein band from each sample. hNIS detection by western blot failed (data not shown)
because lack of a good anti-NIS antibody.

For RT-PCR, 1-2 pg of total cellular RNA from each cell line was reverse transcribed into
first strand cDNA. The primer was designed (sense: 5> TGG GAC TAC GGG GTC TTT GC
3’ antisense: CAG GCA CAT CCA GAG GAA CTT) and synthesized by Integrated DNA

Technologies (www.idtdna.com). About 4 pL. cDNA were subjected to a 25 uLL PCR (35

cycles of 94°C (30s), 54°C (30s) and 72°C (30s) using the NIS primer set (1 ng/uL each), the
18S rRNA primer set (0.5 pg/uL) and Taq polymerase (Invitrogen)). The final PCR products
(10 uL) were electrophoresed in a 2% NuSieve agarose gel (3:1, FMC Bioproducts,
Rockland, ME) and quantified with BioMax 1D image analysis software (Eastman Kodak,
Rochester, NY). The relative level of NIS mRNA from each sample as normalized to 18S
transcript from the same reaction. Also, a RT-PCR (Bio-Rad) was run using SYBR green for
comparative ACt method. The relative mRNA level was determined before and after HDACi
treatment compared with control groups. A representative RT-PCR result is shown in

Appendix C2.
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CHAPTER FOUR

TARGETED RADIONUCLIDE IMAGING OF ADENOVIRUS

DELIVERY (TRIAD)

The above two models were both cell-based models. From the clinical research point of view,
how to monitor the adenoviral gene delivery and adenoviral delivered transgene expression at
real time are important questions to be answered. Instead of using CAR expression to predict
potential adenoviral gene delivery efficiency, an in vivo molecular imaging approach was
proposed to monitor the fate of adenoviral delivered transgene. To address this, in the
absence of direct labeling of the virus, a reporter gene needs to be delivered by the
adenovirus for imaging purposes. The hypothesis tested targeted radionuclide imaging could
be used to monitor the recombinant adenovirus (Ad-CAR-NIS) delivered transgene

expression in vivo.
4.1 Construction of Recombinant Adenovirus

4.1.1 Clone CAR-NIS into Shuttle Vector

The ultimate goal of this project is to effectively deliver a novel construct for diagnostic,
therapeutic and prognostic purposes. A replication deficient recombinant adenovirus was
used to deliver CAR-NIS in this project. To construct a replication deficient recombinant
adenovirus, the plasmid CAR-NIS was released from pcDNA 3 vector by cutting with Kpn I
and Not I and then cloned into shuttle vector pCMV/PA [173] in which the CMV promoter

has been removed. pCMV/PA is a shuttle vector that allows DNA to replicate and to be

63
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transferred in two different species (eukaryotes and prokaryotes) . Because of the limitation
of suitable digestion enzymes, a low efficiency blunt end ligation was performed (If this
failed, a linker would be put in the shuttle vector and ligate with target DNA). Thirty to forty
clones were screened by diagnostic enzyme digestion. Only one clone showed the correct
pattern by using diagnostic enzyme digestion (Hpa I and Stu I). This clone, C3, was further
confirmed by DNA sequence using primer 5' - CTACTTCGGGGTTGCTATG - 3'. A large-
scale plasmid DNA purification was performed as in section 3.1 to amplify and purify the
positive clone C3. The final concentration of C3 was around 0.35 pg/uL, and Azeo; Azgo =
1.94.

After C3 was confirmed by diagnostic enzyme digestion and DNA sequencing, a transient
functional assay was performed by using transiently transfected PC3 cell with C3 DNA. One
g C3 DNA, serum-free-T medium and Lipofectamine Plus® reagent were used for transient
transfection. The CAR-NIS function was tested by using NIS functional assay described in
section 3.3. PC3 cells transfected with empty shuttle vector were used as a negative control
while PC3-CAR-NIS cells were used as a positive control. HDACi (FK228 10 ng/mL)
mediated induction of CAR promoter activity was also tested by NIS functional assay. All
counts per minute (cpm) were normalized by protein concentration. Based on the results of
both sequence and transient expression assay (Figure 25), it was confirmed that the construct

CAR-NIS had been successfully cloned into an adenovirus shuttle vector.
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Figure 25. Transient Expression Assay

100 -+
2 80-
: I
g
C
() 60 B
4
s
o
2 40 - T
1
o
A
£ 20 - T _
O T T T T T T
PC3-Sh PC3-Sh- PC3-Sh- PC3-Sh- PC3-CAR- PC3-CAR- PC3-
FK228 CAR-NIS CAR-NIS- NIS NIS- Block

FK228 FK228

PC3 cells were transiently transfected with empty shuttle vector (PC3-Sh), CAR-NIS in vector (PC3-Sh-
CAR-NIS) and then treated with HDACi FK228. The PC3 stable transfectant PC3-CAR-NIS was used as
“+” control. For PC3- Block, 10 uM NaClO, was added to block NIS function during incubation. Cells
were lysed, activity and protein concentration measured then expressed as a ratio cpm/pg.

4.1.2 Recombinant Adenovirus Construction

All recombinant adenoviruses were propagated in human embryonic kidney (HEK) 293 cells
[174] and purified using conventional methods. In detail, 293 cells are maintained in
Dubelco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS. The
recombinant adenovirus was generated by homologous DNA recombination. In detail, the
CAR-NIS in a shuttle vector (C3) and pJM 17 [175] containing the entire Ad5 genome with
an insert in the E1 region that exceeds the packaging constraints of the adenovirus capsid
were used to co-transfect HEK 293 cells. Ten P-60 mm Petri dishes’ 293 cells were

transfected with 1.2 pg C3 and 0.8 pug pJM17 using Lipofectamine Plus® agent (Invitrogen).
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At Day 7, the viral plaque started to form and the medium were collected for DNA extraction
and further virus amplification.

4.1.3 Recombinants Identification by PCR

Five hundred pL of supernatant from the infected 293 cell plate was used to extract DNA by
a phenol- chloroform-isoamylethanol (PCI) mixture. The DNA products were subjected to a
series of PCR based identifications to verify 1) The recombinant adenovirus contains
adenoviral genome; 2) The recombinant adenovirus has a deletion in E1A region so it is
replication deficient; and 3) The recombinant adenovirus encodes the CAR-NIS gene.
Specifically, the A3/A4 primer was used for test adenovirus genome which was provided by
pJM17. Wild type virus was used as a positive control. A5/A6 was used to verify the E1A
region absence; the positive control was wild type virus since it contains E1A region. NIS
primer was used to verify the CAR-NIS insert and the plasmid CAR-NIS was used as a
positive control (Sequence A3: TCGTTTCTCAGCAGCTGTTG; A4:
CATCTGAACTCAAAGCG-TGG; AS: ATTACCGAAGAAATGGCCGC; A6:
CCCATTTAACACGCCATGCA). One representative example is shown in Appendix D1,

clone V1 was identified as a positive clone for further amplification.

4.2 Virus Amplification and Purification

Being confirmed as a positive clone, the virus was used to re-infect the 293 cells and purified
by cesium chloride (CsCl). To do this, 20 p-150 dishes of 80% confluent 293 cells and about
300 pL virus medium per plate were used to initiate infection. 28h after infection, 90% CPE

was observed and cells were harvested for CsCl purification. A discontinuous CsCl gradient

(1.25 g/mL; 1.35 g/mL and 1.5 g/mL) was used to centrifuge (Beckman Optima™ XL-100K
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ultracentrifuge) for 35,000 rpm, 1 h to remove the majority of cellular contaminants.

Subsequently a continuous CsCl gradient (1.35 g/mL) was used to centrifuge for 35,000 rpm,
18 h to completely separate infectious and defective viral particles. The CsCl solution was
later removed by dialysis in a sterile buffer containing 1 mM MgCl,, 10 mM Tris-HCL (pH
7.5) and 10% glycerol. The A, was measured for virus particles. Ratio between Ae and
Ango was used for estimation of virus quality (range: 1.3-1.4). The final virus particles were

around 3.8 x10'/mL, Axgo / Asgo=1.39.

4.3 Plaque Forming Assay

Due to variations in virus preparations the ratio of live/dead varies significantly and
therefore, viral particles do not reflect the amount of active virus in the preparation. More
accurate titration of virus relies on the plaque-forming assay which represents the titer of the
infectious or functional virus in the preparation. The viral titers were determined by plaque
assay and expressed in plaque-forming units (PFU) / mL. To do this, serial 1:10 dilutions of
the virus stock were tested in a six-well plate dish containing 293 cells at 100% confluence.
From several experiments, 1:10"-10' were used for titration. 1:10° was used as a positive
control. After 2 h infection, the cells were washed by PBS and then 3 mL of 0.75% low
melting point agar (Invitrogen) in 20% DMEM were overlaid to limit the movement of virus.
Cells were fed with 10% DMEM every 3-5 days. At Day 7, virus plaques started to form.
This is the cytopathic effect (CPE). For the plaque-forming assay, the plaque was fixed with
formalin, stained with crystal violet and counted under microscope (Figure 26). The final

titer of Ad-CAR-NIS was around 2 x 10'° pfu/mL. A single virus plaque (usually from 1:10°

well) was chosen and collected into 1 mL 10% DMEM with an end-cut 200 pL tip and stored
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in -80°C for future virus amplification.

A Figure 26. Plaque Forming Assay B
- . :

Panel A. 1:10*" dilutions of Ad-CAR-NIS (3.8x10'" viral particles /mL) were used to infect a monolayer of
293 cells. After 8 days infection, plaques were formed and live cells were stained with crystal violet. Panel B. A
close-up (100 x) of cytopathic effect shown by unstained formed plaque.

4.4 Functional Assay after Adenoviral Gene Delivery

An in vitro functional assay of prostate cancer cells infected by Ad-CAR-NIS was done using
prostate cell lines and their derivatives. For this project, PC3, PC3-Tailless, PC3-Neo, DU
145 cells were chosen for in vitro studies. The reason to choose these cell lines was because
they express CAR protein at different levels. Higher uptake of *™TcO4 in Ad-CAR-NIS
infected high CAR expression cells than low CAR expression cells after 24 h or 48 h
infection was expected and *™TcO, accumulation could be increased by HDACi FK228
treatment in a dose-dependent manner. Different strategies of FK228 treatment (i.e.
simultaneously or sequentially with Ad-CAR-NIS infection, before or after infection) were
tested by cell studies. Sodium perchlorate (10-50 uM) is known as a hNIS inhibitor and was
used to further prove the radioisotope accumulation was due to hNIS function. Varying dose

of Ad-CAR-NIS (different MOI starting with 0, 1, 10, and 50) and varying dose of FK228
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were used to determine optimal dose for radioisotope uptake. In detail, 1.25 x 10° cells were
plated in six-well dish one day before infection. 0, 1, 5, 10, 50 MOI adenoviruses were used
to infect cell for 24 or 48 h and 0, 1, 2, 5, 10 ng/mL FK228 were used pre- or post- virus
infection. The radioisotope uptake was initiated by incubating cells with **™TcO, diluted in
5% culture medium in concentration of 2 pCi/mL/10° cells for 2 h. After incubation, cells
were immediately washed three times with ice-cold 10 mM PBS and then lysed with 0.5 N
NaOH. The cell lysate was collected for activity counting. The activity was normalized to
protein concentration (cpm/pg). Ad-f-Gal was used as virus control. Ethanol was used as
solvent control. The autoradiography was performed as stated in 3.3 and the relative light

output (DLU/mm?) were correlated with cpm/pg. Representative results are shown in Figure

27 A, B, C.
Figure 27. Ad-CAR-NIS Infection (DU-145)
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Panel A. Du-145 cells were infected with Ad-CAR-NIS for 24h and then treated with FK228 at 10 ng/mL for

another 24h. The functional assay was initiated by incubation with ***TcO, . Activity of *"TcO, was counted
by gamma counter and normalized with protein concentration.
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Panel B. Autoradiograph of Ad-CAR-NIS delivery to PC3-Tailless cells. Equal numbers of PC3-Tailless cells
were treated with virus only, drug only or different combinations. Each sample was in duplicate, sample ID is
marked beside wells. Phosphor plates were used for exposure for 60m. Panel C. Ad-CAR-NIS delivery in
culture. Equal numbers of PC3-Tailless or PC3-Neo cells were infected with Ad-CAR-NIS for 48h.
Subsequently, the cells were treated with different doses of FK228 for another 24h and then a functional assay
was performed. Non-infected cells and cells treated with drug only served as controls. A10: Ad-CAR-NIS
10MOI; F1, F5, F10: FK228 1, 5 or 10 ng/mL.
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Based on in vitro NIS functional assay, it was proved that Ad-CAR-NIS could successfully

deliver the CAR-NIS gene into target cells in a dose dependent manner. The endogenous
expression of CAR could affect the adenoviral gene delivery efficiency which was the reason
why positive results were found in DU-145 cells (Figure 27A) and PC3-Tailless cells (both
high CAR expression) while not in PC3-Neo cells (Figure 27B and C). The transgene CAR-
NIS was expressed and functioned properly as shown by accumulation of **"TcOy4. The
expression level of the transgene could be induced by low dose of HDACi (1 ng/mL) in
culture, 60 cpm/pg for virus only vs. 90.1 cpm/ug for virus infected plus 1 ng/mL FK228
treatment (Figure 27C). The in vitro studies made preparations for in vivo imaging studies in

terms of determination of dosage, infection time of virus and treatment with FK228.

4.5 Molecular Imaging of Adenoviral Delivery In Vivo

Established tumors in both flanks of nu/nu mice were infected by intratumoral injection of
Ad-CAR-NIS 2 x10°, 5 x10® and 2 x10® pfu in 50 uL 10 mM PBS solution. The infection
was allowed to proceed for 24, 48 and 72 h before functional testing. For systemic
administration, 2 x10° pfu Ad-CAR-NIS were intraorbitally injected into mouse. Before

P04 were injected intravenously (i.v.). After one-hour-

acquiring imaging data, 70 nCi
delay, images were acquired by using one head of a Toshiba 9300 triple head clinical gamma
camera equipped with a high resolution general-purpose low energy collimator. This one-
hour-delay time point was determined from a preliminary imaging study of 5 mice at 1, 2, 3,

4 h after intravenous injection of 70 nCi *™TcO4 each and visually comparing the contrast

between target and background. Because of high activity in the lower abdomen on 2, 3, and 4
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h delay images, the earlier time point (1 h delay) was chosen for TRIAD studies. A 20%

window was centered at 140 keV energy peak. Data were collected in a 256 by 256 matrix.
Appropriate zooming and rotations were used for better image display. Images were acquired
for 5 minutes without shielding or for 100,000 counts with shielding the upper body of the
mice. Tumor regions of interest (ROI) were identified and average pixel intensity was
determined using software available on the clinical workstation. In the mean time, the
activity from the thyroid and the ipsilateral muscle were determined for control. The ratios
between tumor and above regions were calculated and compared. Representative images of

local Ad-CAR-NIS delivery were shown in Figure 28.

Figure 28. Representative Radionuclide Images of Local Ad-CAR-NIS Delivery
baseline 24 h 48 h 72h

PC3-Neo

PC3-Neo

5 x10® pfu Ad-CAR-hNIS were used to infect PC3-Tailless and PC3-Neo xenografts. Planar images were
acquired for 5 minutes after 24, 48 and 72h of infection. Only PC3-Tailless tumors were visualized.

As shown in Figure 28, the function of CAR-NIS transgene product could be imaged for at
least 72 h after local administration of Ad-CAR-NIS. The infected CAR (+) PC3-Tailless

tumor started to show up after 24 h injection, the activity in CAR (+) tumor persisted for 72 h
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and gradually diminished. After 144 h of infection (5 x10® pfu), CAR (+) (PC3-Tailless)

could not be distinguished from CAR (-) (PC3-Neo) tumors (data not shown). Using the
same imaging protocols, less dose of Ad-CAR-NIS (2 x10® pfu (3 x 10° vps)) delivery was
not detectable in vivo.

In order to quantify the imaging data and evaluate the magnitude of adenovirus delivered
transgene expression, ROI analysis was performed using software available on clinical
gamma camera workstation. The ratios between infected PC3-Tailless tumors and PC3-Neo
tumors(R/L) were calculated (Table 5). For all PC3-Tailless tumors, the average pixel
intensity was higher in infected PC3-Tailless tumors than PC3-Neo tumors after 24, 48 and
72 h (p<0.02); the ratios of R/L in infected PC3-Tailless tumors were significantly higher

than baseline images (p<0.05).

Table 5. ROI of Ad-CAR-NIS Delivery

* ROI of Local Ad-CAR-NIS Delivery (n=3)
Average Pixel Intensity Ratio (+ vs. -)
Infection Time PC3-Tailless PC3-Neo R/L
Baseline 2.940.1 2.2+0.2 1.3+0.2
24 h 5.2+0.3 1.8+0.1 2.940.3
48 h 4.140.1 1.6+0.1 2.240.2
72h 4.940.9 2.240.5 2.240.1

Based upon above results, the location and persistence of local adenoviral delivery could be
monitored by imaging the transgene expression using simple gamma camera scintigraphy
techniques. The quantification aspect of this approach could be further improved if using

small animal SPECT, SPECT-CT, PET or PET-CT.
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The systemic administration of adenovirus was tested through intraorbital injection here.

Interestingly, though tumors were not confidently identified, imaging findings showed the
adenovirus delivered transgene expressed in liver region of the mice when administered
intraorbitally. Representative images of systemic Ad-CAR-NIS adenoviral delivery are

shown in Figure 29.

Figure 29. Representative Radionuclide Imaging of Systemic Ad-CAR-NIS Delivery
baseline 24 h 48 h 72 h

2 x10° pfu Ad-CAR-NIS were used to systemically infect PC3-Tailless and PC3-Neo xenografts. Planar images
were acquired for 5 minutes after 24, 48 and 72h of infection. Liver regions were visualized after infection.

As shown in Figure 29, the fate of intraorbital administration of Ad-CAR-NIS delivery could
be tracked in vivo (2 x 10° pfu). The transgene CAR-NIS expression ended up in mouse liver
region when compared with locally administered adenovirus (Figure 28). The episomal
expression of transgene ended around 72 h post-infection (2 x 10° pfu). Tumors were not
confidently recognizable on these images even infected with 2 x 10° pfu of adenovirus.

Next, the induction of transgene CAR-NIS was monitored in vivo using imaging approaches.

Two experimental designs were proposed: 1) To infect animals with Ad-CAR-NIS first and
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then treat with FK228; 2) To treat mice with FK 228 first and then infect with Ad-CAR-NIS.

To test Design 1, three tumor-bearing mice were infected with 5 x 10® pfu for 24 h first and
then treated with FK 2 mg/kg twice a week for two weeks and imaged weekly. A difference
between CAR (+) and CAR (-) tumors was not detectable (data not shown). A real-time PCR
analysis for tumor lysate was performed to determine if the CAR promoter activity was

induced afterwards (Section 4.6).

To test Design 2, an additional 3 mice were treated with FK228 (2 mg/kg) twice a week for 2
weeks first and then locally infected with Ad-CAR-NIS. 24 h after infection, 70 uCi
#™TcO, were i.v. administered and an hour later, a five-minute image was acquired. Instead
of enhancement of the magnitude of CAR-NIS expression, the infection dosage of Ad-CAR-
NIS could be reduced to 2 x10° pfu for visualization of tumors. The images of combination
of FK228 treatment and Ad-CAR-NIS delivery are shown in Figure 30. The CAR (+) tumors
(encircled) were always visualized after 24 h infection. The ratio for CAR (+) tumor / CAR (-)
tumor at 24 h post-infection was 2.0 + 0.4. This was close to the ratio when using with 5 x10°®
pfu infection but without FK228 treatment; additionally, the visualization of transgene CAR-
NIS expression persisted longer (until 144 h) after infection (CAR (+) / CAR (-) = 1.5 £0.2).

This could be caused by FK228 induction of CAR expression in CAR (+) tumors which in

turn leads to enhancement the efficiency of delivery of recombinant adenovirus.
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Figure 30. Images of Ad-CAR-NIS Delivery to HDACI Pretreated Tumor Bearing Mice
24h 144 h

&

2 x 10°pfu

Three mice were pretreated with HDACi FK228 2mg/kg twice a week for 2 weeks. Subsequently, 2 x10° pfu
Ad-CAR-NIS were used to locally infect PC3-Tailless and PC3-Neo xenografts. Planar images were acquired

for 5 minutes after 24, and 144h infection. Encircled are visualized PC3-Tailless tumors.

After all the imaging sessions were completed, the tumors were excised immediately for ex
vivo gamma counting followed by freezing in liquid nitrogen and storage in —80°C for in
vitro studies. One mouse sacrificed after 96 h infection showed 2 fold greater activity
(cpm/mg) in the PC3-Tailless tumor compared with PC3-Neo tumor. The rest of the animals
were sacrificed after 144 h and failed to show any clearly difference in activity between PC3-
Tailless and PC3-Neo tumors. Clearly more animals are needed to address the in vivo
imaging of Ad-CAR-NIS delivery using radionuclide imaging, especially HDACi induction
of adenoviral delivered transgene expression in vivo. Additionally, all the upper body of all

animals should be shielded so the activity measured is emitted mainly from the tumors.

4.6 In Vitro Validation of TRIAD

In order to address the causes of the failure of imaging FK228 induction in vivo, two mice
were locally infected with Ad-CAR-NIS for 72 h and then treated with FK228 2mg/kg twice

a week for 2 weeks. The tumors were excised and mRNA was extracted for a real-time PCR
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study using protocol as in section 4.8. Comparative ACt methods showed 8 fold higher hNIS

mRNA level in FK228 treated Ad-CAR-NIS infected PC3-Tailless tumor compared with
non-treated but infected PC3-Tailless tumor. Based on these results, it can be inferred 1)
FK228 treatment induced adenoviral delivered transgene CAR-NIS expression in vivo at the
transcriptional level; and 2) Current clinical gamma scintigraphy failed to detect an 8-fold
difference of mRNA in vivo. Using more dedicated modalities could possibly improve the
detection limit. In addition, with the comparisons between ROI analyses, ex vivo gamma
counting and assessment of mRNA and protein levels, it is feasible to quantitatively correlate

targeted molecular imaging of adenoviral delivery with molecular biology studies.

In the future, a dynamic study should be performed to decide the radioisotope washout rate in
this adenoviral gene delivery model. For dynamic studies, a relatively (compared with
#mTc0y4) longer half life radioiodine '**I will be used because kinetics and biodistribution of
P70, and "I in NIS expressing tissues are remarkably similar [169]. A higher dose of
Ad-CAR-NIS (2 x 10° pfu) may be intratumorally injected to initiate the infection. A high
dose of '*I, about 1-2 mCi, should be injected 6 h before imaging. 24 h after infection, the

'] imaging should be acquired every 24 h until signal could not be detected. A block study

could be performed by i.p. sodium perchlorate (10 mg/kg), 30 minutes before injection of '*'I
at one or two time points during the serial imaging study. The signal intensity from the
positive tumor will be compared with the negative ones. The decay of the isotope will be
corrected by software available at clinical workstation. Alternatively, a small animal micro-

PET (***I) and the phosphor system could be used to further address the quantitative aspect of

TRIAD study.
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4.7 In Vitro Combination Therapy

In order to further explore the therapeutic potential for the combination of chemotherapy,
adenoviral gene delivery and radioiodine therapy, a series of experiments were performed in
culture. Though the mechanisms could be many factors such as enhanced radiosensitization
and additive anti-tumor effects, the combination of different therapeutic regiments could
exert more therapeutic effect than monotherapy [21, 176-182]. Different regimens could
target different phases of the cell cycle. Irradiation mostly targets the M and G2 phase, gene
therapy targets the S phase while most chemotherapy targets M phase or S phase [10, 21,
179]. The Ad-CAR-NIS approaches have potential to be used for combination of adenoviral
gene delivery, chemotherapy and radionuclide therapy since hNIS can accumulate different
radioisotopes. Of those isotopes, radioiodine and rhenium are both beta emitters and have the
potential to be used for treatment of advanced prostate cancer complications such as bone
metastases [183-185]. Astatine-211 (*''At) is suitable for targeted alpha therapy [114, 186].

I tested combination of HDACi and "'I treatment in CAR-NIS expressing PC3 or TCC
stable transfectants. For radioiodine treatment, a time-course treatment was used to simulate
clinical situation. In detail, about 10,000 cells (TCC-Neo and TCC-CAR-NIS) were plated
into 24 —well dishes. After 24 h, cells were treated with FK228 (1 ng/mL) and another 24 h
later, the medium was replaced by fresh medium containing 30 pCi/mL "'I. At 48, 72 or 96
h of incubation with radioisotope containing medium, the therapeutic reaction was terminated
by washing the cells with ice-cold PBS and then the plates were stained with crystal violet
and subjected to optical density measurement using Titertek Multiscan at 560 nm. The

untreated cells were used as a control. The therapeutic effect was expressed as the percentage
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of control cells. Since FK228 is a cytotoxic drug, the ICsy for 24 h is less than 1 ng/mL,

lower doses (<1 ng/mL) was used for the combination therapy. Data (Appendix D2) from
different dose combination provided the rational for the future studies.

The combination of different doses of FK228 and radioiodine did not show any significant
synergistic effect (p>0.05) from the preliminary studies (Appendix D2). No further
combination therapeutic studies were performed because of the following reasons: 1) In
contrast to previous functional assay in which 10 ng/mL FK228 was usually used, less than 1
ng/mL was used for combination therapy study, the inductivity of CAR-NIS was not
obtained; 2) Radioiodine has a range of 2.2 mm, when dealing with monolayer cells, most of
the energy was likely deposited outside the cells which cause very low cell killing efficiency.
This could be improved in 3-D structural tumor models; and 3) Replication deficient
recombinant adenovirus is not good for therapeutic purposes because the transgene has not

been incorporated into the genome so the expression is transient.



CHAPTER FIVE

SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Imaging CAR Protein Expression
'] labeled anti-CAR F(ab'), successfully localized the CAR expressing tumors in vivo. The

in vivo approach proves that radionuclide based molecular imaging shows qualitatively the
same pattern that is shown by ex vivo molecular biology techniques. Imaging findings have
the potential to predict efficiency of adenoviral gene delivery. Targeted molecular imaging
can be used to provide useful information before the initiation of adenoviral gene therapy.
Anti-CAR imaging is a generalizable approach for different tumors because of availability of
different imaging agents (radiolabel, magnetic particles, quantum dots and organic dyes).
Since CAR expression enhancement was observed in both metastatic prostate cancer patients
[46] and invasive mammary adenocarcinoma mouse models [187], anti-CAR imaging
approach could also be a unique approach for those CAR expressing tumors, especially for
inoperable CAR expressing refractory tumors. Anti-CAR imaging could also be used for
exploiting the functional role of differential CAR expression in cancer with the help of
highly-sensitive and spatially segregating imaging modalities such as SPECT and PET.

Some of the technical limitations and possible solutions have been addressed in context. In
order to achieve high tumor / non-tumor ratio and potentially avoid the dehalogenation
observed with anti-CAR imaging, pre-targeting strategy could play an important role in both
radioimmunodetection and radioimmunothrapy [129, 188]. Another important aspect needs

to be improved is the quantitative potential of this approach. Both animal SPECT and PET

80
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have great potential in quantitative aspects. In the future, quantitative imaging would finally
be correlated with gene copy number of particular targets for quantitative prediction of

adenoviral gene delivery efficiency.

5.2 Imaging CAR Promoter Activity

Reporter gene imaging shows the potential to differentiate HDACi mediated induction of
CAR-NIS expressing tumors after local administration of radioisotopes. This approach
provides rationale to evaluate CAR promoter activity in vivo for the first time and it has
potential to be used to screen appropriate drug candidates with the premise the drug can
epigenetically regulate CAR promoter activity. More small animal imaging studies are
needed to address the sensitivity of inducible CAR promoter imaging approaches, to
optimize imaging studies and to correlate the quantitative imaging parameters such as
average pixel intensity, cpm/mg with the HDACi up-regulation of CAR promoter activity
and CAR protein expression. Different approaches have been proposed to amplify the
reporter gene expression and coupled one reporter gene with others in the past couple of
years, such as two-step transcriptional amplification (TSTA), internal ribosome entry site
(IRES), gene fusion or dual promoter approaches [189, 190]. These amplification approaches
could help to overcome the weakness of CAR promoter. To summarize, the CAR promoter
has its own beauty in terms of its inducibility and has potential to be used as an indicator for

both chemotherapy and adenoviral gene delivery efficiency.
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5.3 Targeted Molecular Imaging of Adenoviral Delivery

For the TRIAD study, the idea of using radionuclide imaging to monitor the location,
magnitude and duration of adenoviral delivery was tested in proof of principle experiments.
Combination therapy of adenoviral gene therapy, chemotherapy and radionuclide therapies
were tested in culture. A new replication deficient recombinant adenovirus was constructed
to deliver reporter gene hNIS driven by the CAR promoter, whose activity could be induced
by chemotherapeutic agent HDACi. Since hNIS can accumulate both alpha emitters such as
2ITAt and beta emitters such as "'I, a potential combination of chemotherapeutic agent
(HDAC:1), radiation therapy (either alpha or beta emitter) and adenoviral gene delivery could
exert more therapeutic effect than single regimen when dealing with refractory cancers.

The detectability of hNIS based imaging is determined by the number of NIS expressing cells,
the protein expression level, the function of hNIS and the sensitivity of imaging modality. In
current TRIAD studies, an inducible adenoviral gene delivery model was established while
CAR (+) tumors that were locally injected 2 x 10° pfu of Ad-CAR-NIS could not be
visualized in vivo by gamma camera scintigraphy. More sophisticated imaging modalities
such as SPECT-CT or PET-CT will highly improve TRIAD approach as discussed in section
4.6. Such studies may allow more definitive quantification of transgene activity or viral
delivery if the virus is labeled. Functional images combined with anatomic images from CT
will further allow more definitive localization of the virus or functioning transgene
expression. Finally, the numbers of NIS expressing cells and level of NIS expression will be
determined by correlating the imaging signal with the in vitro cell and molecular biology

studies using current model.
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The duration of the episomal transgene expression could be monitored in vivo by using
radionuclide imaging approaches which provides a reference to direct any recombinant
adenoviral delivery in vivo. In the future, a self-inactivating recombinant lentivirus could be
used to replace adenovirus and attain stable expression of transgene since the lentivirus could
stably integrate the delivered gene into the host genome [191, 192]. Alternatively,
conditional replication adenoviral vectors (CRAd) could be used to exert more therapeutic
effects on specific cancers [193-195]. Also, the utilization of TSTA and other DNA
recombination approaches [189, 190] could be helpful in enhancing the CAR promoter
activity and thereby increasing the expression of the reporter gene hNIS. In addition,
therapeutic genes could be coupled with the reporter gene for both diagnostic and therapeutic
purposes.

For viral vector administration, catheter based delivery approaches could play an important
role in terms of minimizing potential systemic side-effects and improving the target gene
delivery efficiency [196]. Compared with local administration, systemic administration of
adenovirus is predominantly liver uptake in vivo. Some intra-arterial administration has been
proposed to bypass the liver uptake [197, 198]. This could be further addressed in the future
studies.

In order to evaluate the therapeutic effect, an alternative is to use a classic in vitro clonogenic
assay [90, 199]. This assay could be implemented as follows. About 4 x10° PC3 cells could
be plated in a six-well dish, which will provide about 70% confluence, after 24 h treatment
(with FK228 1 ng/mL) the cells will be incubated for 6-7 h at 37°C with 3 mL serum free T

131

medium containing 1 mCi/10 mL Na 1. The reaction will be terminated by removing the
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radioisotope-containing medium and washing the cells three times with ice-cold PBS. The
cells will then be trypsinized, counted, and plated at densities of 250 cells (PC3) per well
with T medium in 6-well plates. Detached cells are re-grown for 10 days, fixed with
glutaraldehyde, and stained with crystal violet. The number of macroscopic colonies will be
counted (>20 cells will be counted as 1 clone). The survival rate will be calculated as the
killing percentage of colony numbers in a plate with treatment compared with the control
plate (Non treatment vs. treatment, single treatment vs. combination treatment.) If synergistic
effects could be found in above experiments, another experiment could be performed by
using Ad-CAR-NIS to deliver the specific genes into target cells. In detail, wild type PC3
cells will be divided into 6 groups and therapeutic effect of each group will be compared.
Group 1 will be treated with Ad-CAR-NIS only to exclude the toxicity of recombinant
adenovirus (100 MOI 24 h). Group 2 will be treated with HDACi (FK228 1ng/mL 24 h) only
to see the single chemotherapeutic drug effect on PC3 cells. Group 3 will be treated with '
30 nCi/mL only to see the single irradiation effect. Group 4 will be treated with combination
of HDACi and "*'I. Group 5 will be treated with combination of adenovirus and "*'I. Group 6
will be treated with combination of all three. The treatment effect will be compared with a
non-treatment control group. The final dose and time will be subjected to change. The cell
number will be determined as discussed in section 4.7.

In summary, TRIAD studies show the combination of adenoviral gene delivery and
chemotherapeutic agent could make adenoviral gene delivery more efficient with potentially

less toxicity since fewer doses or lower amounts of virus could be used via monitoring by a
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real-time radionuclide imaging approach. In combination with chemotherapy, irradiation and
adenoviral gene delivery, the cancer cells may be killed in largest extent.

Based upon the above studies, a potential targeted molecular imaging approach is feasible to
monitor the CAR expression and evaluate drug induction on CAR promoter activity in vivo
using gamma camera scintigraphy. With the help of combined anatomical and functional
imaging modalities and the imaging/therapy construct CAR-NIS, targeted molecular imaging

could become a potent in vivo approach to guide the combination therapy.
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APPENDIX A
ABBREVIATIONS
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APPENDIX B
Additional Data for Imaging CAR Protein Expression

B1. Structures of Commonly Used Oxidizing Agent for Radioiodination
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Adapted from www.piercenet.com
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B2. Binding of Labeled Anti-CAR F (ab'), to PC3 cells
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Up to 3.3 x10° PC3-Tailless cells or PC3-Neo cells were incubated with radiolabeled anti-CAR F(ab'), and/ or
unlabeled anti-CAR antibody under room temperature for 1h and then washed with PBS 3 times. Cell pellets
were collected and counted to determine the ratio between total applied (T) and specific binding (B). Data were

then plotted as specific binding (B/T) vs. concentration (10%/mL).



B3. Blood Clearance of Radiolabeled Antibodies

Blood Clearance
80

A Anti-CAR Intact
H Anti-CAR F(ab')2
X Control F(ab")2

hour

120

Blood clearance of different antibody preparations. Using %ID/g, the activity in blood was plotted as a function

of time for each form of radiolabeled antibody. Anti-CAR F(ab'), and control F(ab'), both showed faster blood

clearance compared with anti-CAR intact antibody.
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B4. Statistical Analyses of Tumor Targeting As a Function of Time

91

%ID/g (mean £ SD)
CAR (+) Tumor * CAR (-) Tumor *
Time *p-value
(hr) Intact F(ab"), # Control Intact Control  Control Intact F(ab"), #Control
vs.F(ab"), vs.Intact vs.F(ab'"),

2 54+£2.0 99+14 44206 0.007 0.60 0.001 3.0£2.8 9.4+1.2  2.5+1.2
6 82+1.4 10.6£2.6 5.8+£0.7 0.32 0.23 0.02 9.5+3.3 10.543.7 5.842.6
24 |1 16.9+7.1 9.242.1 1.8+0.5 0.03 <0.0001 <0.0001 12.1£8.0 3.0£1.9 3.3+2.3
48 | 19.0£3.8 4.7¢1.0 22409 <0.0001 <0.0001 0.002  10.3+1.2 1.5+04 2.1+1.4
72 |26.0£17.5 2.8£2.0 0.2£0.1 <0.0001 <0.0001 <0.0001 9.1+£3.7 0.80.2 0.2+0.1
96 |11.5+44 1.0£03 0.1£0.1 <0.0001 <0.0001 <0.0001 7.2+6.0 0.7£0.4 0.1£0.0

*p determined with analysis of variance model after log transformation.

n=5-6;"n=4
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APPENDIX C
Additional Data for Imaging CAR Promoter Activity

C1. hNIS Proof of Principle Images

Images of hINIS function

L .A/zl\. R

E

S 1. Thyroid
= 2. Stomach
* 3. hNIS (+) tumors

Two tumor bearing nu/nu mice, one side with PC3-hNIS (CMV promoter), the other side with PC3-Neo, were
i.v. injected with 40 uCi *™TcOy,. 4h later, planar images were acquired for 5 minutes. Only the hNIS
expressing tumors (right side) were seen. Organs with normal expression of hNIS (thyroid, stomach) were also

visualized on above images.



C2. Relative Ct Value by RT-PCR of TCC Stable Transfectants

Cells GOICt | HKG Ct | DeltaCt | Ddeltact | Relative
Value
TCC-Neo 31 T 20 0 ]
TCC-Neo FK228 29 9 20 0 ]
TCC-CAR-NIS 24 95 145 55 45
TCC-CAR-NIS FK228 | 22 105 s 85 360

FK228 dose =10 ng/mL
GOI: Gene of Interest
HKG: Housekeeping Gene
Ct: Cycle of Threshold
Delta Ct: Ct difference between GOI and HKG.

Ddelta Ct: Ct difference between sample and control.

Relative value: Fold of difference calculated by 2 >4t
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APPENDIX D
Additional Data for TRIAD

D1. PCR Identification of Replication Deficient Recombinant Ad-CAR-NIS

a. A3/A4 primer.

.

e

b. AS/A6 primer.

c. hNIS primer.

M: Molecular Marker; +: Positive control; - Negative control; V1-4 different clones.



D2. Single or Combination Treatment on TCC Derivatives

1-131 Treatment B TCC-Neo
B TCC-CAR-NIS
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10,000 TCC-Neo or TCC-CAR-NIS cells were plated and treated with 30 uCi of *'T in ImL medium for 48h or

72h. Cells without treatment were used as control. Cells were stained with crystal violet and counted.

FK228 Treatment B TCC-Neo
100 - B TCC-CAR-NIS

2
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X
S 60-
()]
g
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()]
o
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o

0 —

FK228 FK228 FK228 FK228
1 ng/mL 0.75ng/mL  0.5ng/mL  0.25 ng/mL

10,000 TCC-Neo or TCC-CAR-NIS cells were plated and treated with 0.25-1 ng/mL FK228 for 24h. Cells

without treatment were used as control. Cells were stained with crystal violet and then counted.
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OTCC-Neo
Combination FK228 + 1-131 B TCC-CAR-NIS
100 7
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=
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©
(D)
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FK228 0.75+ FK228 0.5+ FK228 0.25+ FK228 1+ FK2281+ FK228 1+ FK228 1+
1-13148h  1-131 48h I-13148h  1-131 72h 1-131 72h 1-131 72h 1-131 72h

10,000 TCC-Neo or TCC-CAR-NIS cells were plated and treated with FK228 first and then treated with 30 uCi
of ®'Tin ImL medium for 48h or 72h. Cells without treatment were used as control. Cells were stained with

crystal violet and then counted by measuring OD at 405 nm.
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