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Introduction

1. Introduction

The sodium iodide symporter (NIS)

The sodium iodide symporter and itsrole astherapy gene

The sodium iodide symporter (NIS) represents amgit plasma membrane glycoprotein

with 13 transmembrane domains localized at the . man Sodum lodide Symporter
baslolateral membrane of thyroid follicular celat
mediates the active transport of iodide in thedid/r
gland (Fig. 1). Cloning and molecular characterrat
of the NIS gene (Spitzweg and Morris, 2002b) alldwe

investigation of its expression and regulation in

Fig. 1. Schematic illustration of the

thyroidal and nonthyroidal tissues (Spitzwat@l ., \S,\?i?kilugé:%Oi'isds?oiygggggedc(é\l(;?r)c-)m
1998: Spitzwegt al., 1999b; Spitzweet al., 2000a; Spitzweget al., 2001c.

Spitzweget al., 2001b; Spitzweg and Morris, 2002b; Unterholzsteal ., 2006; Willhauck

et al., 2008c), its pathophysiological role in benign amalignant thyroid disease as well its
potential role in diagnosis and therapy of canegside the thyroid gland (Spitzwegal .,
1999a; Spitzweegt al., 2000a; Spitzweg and Morris, 2002b).

NIS-mediated iodide transport is inhibited by tha /M*-ATPase inhibitor ouabain, as well
as thiocyanate (SCNand perchlorate (ClQ (Spitzweg and Morris, 2002b). TSH is the
main stimulatory regulator of thyroidal NIS expriessas well as of its proper membrane
targeting, acting through the adenylate cyclase-BAMediated pathway (Spitzweg and
Morris, 2002b).

NIS represents one of the oldest and most sucddassfiets for molecular imaging and
targeted radionuclide therapy. Functional NIS esgian in differentiated thyroid
carcinomas allows not only postoperative local@a&nd ablation of the thyroid remnant as
well metastases, but also provides the possihifityubsequent postablativé! total body
scanning that can diagnose local and metastatidusdsand recurrent disease followed by
134 ablation, thereby improving the prognosis of thigircancer patients significantly and
making thyroid cancer one of the most manageableeara (Spitzweget al., 2001c;
Spitzweg and Morris, 2002b). Thyroidal NIS expreastherefore provides the molecular
basis for the most effective form of systemic antimer radiotherapy available to the

clinician today.
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Cloning of the NIS gene in 1996 has provided u$waipowerful new reporter and therapy
gene, that allowed the development of a promisiyigreductive gene therapy strategy
based on NIS gene transfer in extrathyroidal tunfollewed by radioiodine application

(Fig. 2). Many of the characteristics of NIS sudgesat it represents an ideal therapy gene

due to several advantages:

1. High degree of efficacy

NIS is already being used clinically as molecu

Crossfire
effect

basis of * therapy, an already approved

anticancer therapy in thyroid cancer with a well-

Diagnostic Imaging [ Therapeutic Radionuclide Application |

understood therapeutic window and safety profile.

Fig. 22 The role of the NIS gene as
. diagnostic and therapeutic gene.

2. High bystander effect With permission reproduced from Spitzweg
ti%tlal., 2007a

NIS gene therapy is associated with a substar

bystander effect based on the crossfire effect@bieta-emittet*!i with a path length of up
to 2.4 mm. A bystander effect is desirable for &mgd of gene therapy strategy, because it

reduces the level of transduction efficiency reedifor a therapeutic response.

3. Dual function of NISas a diagnostic and therapeutic gene
In its role as reporter gene NIS allows direct, -morasive imaging of functional NIS
expression by'#I-scintigraphy, **3-SPECT- or '*41-PET-imaging, as well as exact

dosimetric calculations before proceeding to theutip application of*4.

4. High degree of specificity
Native expression of NIS outside the thyroid iswkaw not causing significant morbidity
after *Y application, as known from the extensive expemewith ** therapy in thyroid

cancer.

5. Normal human gene and protein
NIS as a normal human gene and protein implies itsaéxpression in cancer cells is

unlikely to be toxic or to elicit a significant imme response that could limit its efficacy.

In their pioneer studies C. Spitzweg and J.C. NModhose prostate cancer as the initial

tumor model and used the prostate-specific ant{@$A) promoter to achieve prostate-
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specific iodide accumulation, which resulted in igngicant therapeutic effect after
application of**1, even in the absence of iodide organificationitSpeg et al., 1999c;
Spitzweget al., 2000b; Spitzwegt al., 2001a; Kakinumat al., 2003). In preparation of the
first phase | clinical study ol therapy of locally recurrent prostate cancerrdfieal NIS
gene transfer, these data were confirmed in extermsotoxicity and efficacy studies in rats
and in a preclinical large animal model in beagbgsl after intraprostatic injection of a
replication-incompetent adenovirus without sigrafit toxicity outside the prostate and
thyroid gland (Dwyeet al., 2005b).After further extensive preclinical evaluation everal
tumor models by various groups including our owrdS Mas been characterized as a
promising target gene for the treatment of nondld/cancers following selective NIS gene
transfer into tumor cells which allows therapewpplication of radioiodine (Spitzweg
al., 1999c; Spitzwegt al., 2000b; Spitzwegt al., 2001a; Spitzwegt al., 2001c; Spitzweg
and Morris, 2002b; Kakinumet al., 2003; Dingliet al., 2004; Cengiet al., 2005; Dwyeret
al., 2005a; Scholzt al., 2005; Dwyeret al., 2006a; Dwyelet al., 2006b; Spitzwegt al.,
2007; Willhaucket al., 2007; Willhaucket al., 2008b; Willhauclet al., 2008c; Hingoranét
al., 2010a; Liet al., 2010; Penheitest al., 2010; Trujilloet al., 2010).

As logical consequence of these pioneer studiethenNIS gene therapy field, the next
crucial step towards clinical application of themising NIS gene therapy concept, has to
be the evaluation of gene transfer methods that thenpotential to achieve sufficient
tumor-selective transgene expression levels not after local or regional but also after
systemic application to be able to reach tumor stases.

Only a limited number of studies have investigatgstemic NIS gene delivery approaches
with the aim of NIS-targeted radionuclide theradyneetastatic disease. An oncolytic
measles virus encoding human NIS was applied sysadignin a multiple myeloma mouse
model and allowed to enhance the oncolytic potesicyhe virus after'*yi application
(Dingli et al., 2004). In a more recent study, an oncolytic wdaicstomatitis virus (VSV)
was designed to express NIS to be able to monitas veplication by*3 scintigraphic
imaging in addition to stimulation of the oncolypotency by the combination withfi
therapy, which was successfully investigated in w@tiple myeloma mouse model after

systemic vesicular stomatitis virus application éGab al., 2007).

| odide organification and alternative radionuclides

Following NIS transduction the achieved radiatiarse responsible for a therapeutic effect

of trapped®! is determined by a variety of factors, includithg rate of iodide uptake and
3
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efflux, the rate of radiocative decay, as well las possibility of iodide recirculation. In
contrast to extrathyroidal tumors, in the thyroithrgl thyroid peroxidase-catalyzed
oxidation and incorporation of iodide into tyrosygsidues along the thyroglobulin
backbone, a process called iodide organificatiomtreases the effective half-life and
therefore therapeutic efficacy of accumulated radiine (Spitzweg and Morris, 2002b).
Many studies demonstrating a therapeutic effe¢t’bfind alternative radionuclides such as
1%Re and?MAt following NIS gene transfer in various non-orggimg tumor models
(Spitzweget al., 1999c; Spitzwegt al., 2000b; Spitzwegt al., 2001c; Petriclet al., 2006;
Willhauck et al., 2007 Dadachovet al., 2005; Willhaucket al., 2008a), clearly demonstrate
that iodide organification is not a mandatory reemient for a therapeutic effect Bfi. In
addition, in non-thyroidal tumors with rapid iodiddflux, therapeutic efficacy of NIS-
targeted radionuclide therapy can be significaetiypanced by application of alternative
radionuclides, such as the beta-emitt&Re or the alpha-emittét*At, that are known to be
also transported by NIS, but offer the possibibfyhigher energy deposition in a shorter
time period due to their higher energy and shdrf-life (***Re: physical half-life 16.7 h,
E = 0,764 MeV, path length 23-32 mAt!At: physical half-life 7,2 h, high linear energy
transfer 97 ke\dm) as compared t6 (physical half-life 8 d, E = 0,134 MeV, therapieut
range 2.6-5 mm), which has convincingly been dermnatesi by several groups, including
our own studies in the prostate cancer model (Damaet al., 2005; Petriclet al., 2006;
Willhauck et al., 2007; Willhaucket al., 2008a).

The sodium iodide symporter and itsroleasreporter gene

Cloning of NIS has provided us not only with a polwktherapeutic gene, but also with one
of the most promising reporter genes available yofldS has many characteristics of an
ideal reporter gene, as it represents a non-immamogprotein with a well-defined body
biodistribution and expression, that mediates thesport of readily available radionuclides,
such as™}, &, 13, 124 9™1c 1%Re or?YAt, and allows signal amplification by the
accumulation of the radionuclide.

The field of gene therapy has made considerablieestrin the last decade by the
development of new vectors and an increasing rejperof therapeutic genes. Non-invasive
monitoring of than vivo distribution of viral and non-viral vectors, aslinges monitoring of
the biodistribution, level and duration of transgeexpression have been recognized as

critical elements in the design of clinical genertpy trials. The need for this technology is



Introduction

further highlighted by the advent of replicatiomguetent viruses for cancer gene therapy
where it is critically important to monitor biodigiution, replication and eliminatiom
ViVO.

Several investigators have studied the potentidNkd as novel reporter gene in various
applications, demonstrating thatvivo imaging of radioiodine accumulation correlateslwel
with the results oéx vivo gamma counter measurements as well as NIS mRNAvirtdin
analysis (Spitzweget al., 1999c; Spitzweget al., 2001a; Spitzweg and Morris, 2002b;
Dingli et al., 2003b; Kakinumeet al., 2003; Scholzt al., 2005; Spitzweget al., 2007;
Willhauck et al., 2007; Willhaucket al., 2008b).

Furthermore, in several studies NIS was succegsfiskéd as a reporter gene to monitor
vivo biodistribution of replication-competent viral ¥ers, including oncolytic measles virus
in liver cancer and myeloma xenograft models, oyteolvesicular stomatitis virus in a
myeloma xenograft model, as well as oncolytic age@ns in a colon cancer xenograft
model using conventiondfI- or *™Tc-gamma camera imaging Hf'Tc-SPECT/CT fusion
imaging (Blechacet al., 2006; Goekt al., 2007; Merroret al., 2007).

Taken together, the pioneer work in the prostatecea model by J. C. Morris and C.
Spitzweg (Spitzwegt al., 1999c; Spitzwegt al., 2000b; Spitzwegt al., 2001a; Kakinuma

et al., 2003) and consecutive work in other tumor modgiseveral groups including our
own has convincingly demonstrated the gene themapy oncology communities the
enormous potential of NIS as novel reporter andatinegene that has paved the way for the

development of an innovative and potentially ciatiytoreductive gene therapy strategy.

Cancer Gene Therapy

Cancer gene therapy represents one of the mostlyagrolving areas in preclinical and
clinical cancer research. Two of the most importardblems to overcome are lack of
selectivity of the existing vectors and low efficty of gene transfer. Cancer gene therapy is
the transfer to and expression of genetic matariatalignant human cells for a therapeutic
purpose. This relatively narrow definition can bx¢eaded to include gene delivery to tumor
and normal immune cells for modulating antitumonmone response. The term gene
therapy encompasses a range of approaches, ingladirective gene therapy to restore the
normal function of a deleted or mutated gene (Ugwatumor suppressor gene) or negate

the effect of a tumor promoting gene (oncogenepregluctive gene therapy to deliver an
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exogenous gene that causes cell death and immunbabay gene therapy to induce gene
expression that enhances immune responses againgir ttissues. Identifying and

elaborating sophisticated selective gene theragyesys may amount to nothing unless
genes can be targeted to a significant fractioclafogenic cells. To date most studies have
focused on locoregional gene delivery by direcedtipn or infusion, a technique with

limited relevance to clinical situations such adastatic disease in which systemic delivery
systems are needed. For this reason vector develgpepresents an extremely active field
of investigation (Verma and Somia, 1997). Vectars dene therapy can be considered

under the headings of viral and non-viral systems.

Viral vector systems

Viruses are attractive vehicles for gene deliveince they have evolved specific and
efficient means of entering human cells and expmgsheir genes. The main challenge for
viral vector development lies in harnessing thegdgting efficiency of viruses, while
abrogating their ability to cause infection andedise. Modifying the viral genome to
remove sequences required for viral replication pathogenicity represents a means of
achieving these goals. The removed viral codingiseces can be replaced with exogenous
therapeutic genes. Such genetically engineeredesrtheoretically retain wild-type viral
cellular tropism and ensure transgene expressiothentarget cell population without
causing ongoing infection. Attempts to alter theura tropisms of viruses by manipulating
the viral components that mediate cell binding ameérnalization represent a means of
redirecting viruses specifically to chosen targatsc(Krasnykhet al., 1996). To date most
viral vector development has focused on retrovilagenovirus, adeno-associated virus,
herpes simplex virus and pox virus.

The use of adenoviruses has emerged as a powegubach for increasing transduction
efficiency and therapeutic efficacy in cancer gédrezapy.

Adenoviruses are double strand DNA viruses. MorentdO adenovirus serotypes in 6
groups (A to F) have been identified. Group C \esugserotypes Ad2 and Ad5) have been
most extensively evaluated as candidates for gehieedy (Zhanget al., 1999) However,

up to 70% of the general population have neutrajizantibodies to Ad2 and Ad5 that
accelerate adenovirus clearance after initial achtnation. Adenoviruses enter cells by
binding to the coxsackievirus- (CAR) and adenovierseptor, which facilitates interaction
of viral arginine-glycine-aspartate (RGD) sequencggh cellular intergrins. After

internalization the virus escapes from cellular acsmies, partially disassembles and
6
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translocates to the nucleus, where viral gene ssme begins. Clearly administering
replicating adenoviruses in patients with cancérwbom many are immune suppressed,
raises important safety concerns. Therefore, effbdve been made to render adenovirus
incapable of replication (so-called replicationef#ive adenovirus). It has been achieved by
deleting one or more of the early adenovirus geBésto E4. Replication defective
adenoviruses have a number of potential advan&gesctors for targeted gene delivery, as
they can be produced in high titers {1 10" infectious units per ml), they can infect
nondividing cells, and gene expression occurs witlhtegration into the host genome.
Furthermore, the use of replication-competent ademses has emerged as a powerful
approach for increasing transduction efficiency #merapeutic efficacy by an additional
oncolytic effect due to selective virus replicati@mcolytic virotherapy). The first example
of conditionally replicative adenovirus was ONYX H)1targeting cancer cells with a
defective p53 pathway (Everts and Van Der Poel 5200umor-selective replication of
adenoviruses has also been achieved by the appficaf tissue- or tumor-specific
promoters to drive the expression of genes essdatigiral replication, such as E1A. This
has been investigated in a variety of tumor modeiduding prostate cancer using the
prostate-specific antigen (PSA) or rat probasimter to drive E1 expression, and in liver
cancer using the AFP promoter (Everts and Van Dm#l,P2005). Overall, replicating
adenovirus-based gene therapy vectors are thewmbsty used platform for gene delivery
offering high promise for cancer treatment, andehaiready been used safely in human
clinical trials (Everts and Van Der Poel, 2005).eTimajor hurdles of effective oncolytic
virotherapy, in particular after systemic applioati have been antiviral immune responses,
inefficient viral spread within the tumor and sifigant virus pooling in the liver, reducing
the levels of viable virus reaching the tumor résglin limited transduction efficiency. In
order to enhance the antitumor effect of oncolwimtherapy the combination with
conventional anticancer strategies, such as charayis, radiotherapy, or gene therapy as a

multimodal cancer therapy approach has been therrftajus of studies in the recent years.

Non-viral vector systems

Delivering genes to target organs with synthetictees is a vital alternative to virus-based

methods. For systemic delivery polycationic molesuhre used to condense DNA into sub-

micrometer particles termed polyplexes, which dfieiently internalized into cells, while

DNA is protected from nucleases. Several polycatidike polyethylenimine (PEI), bear an

intrinsic endosomolytic mechanism, which allows transition of the polyplexes from the
7
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endosome to the cytoplasm (Meyer and Wagner, 20@8)-viral gene delivery systems are
characterized by ease of synthesis, lower immurioggrand greater flexibility. In recent
years they have also been significantly improvedterms of toxicity profiles, tumor-
selectivity and transduction efficiency, and theref represent highly promising gene
delivery vehicles for systemic gene therapy apgreac

Since these non-viral systems do not show selégctivispecific target cells, they can either
be used in a more universal way or their surface lb@achemically or biologically modified
for specific targeting. Moreover, they offer an anbed biosafety profile since they can be
generated protein-free or non-immunogenic or humshiprotein / peptides resulting in
lower immunogenicity. A further benefit of synthetransfer systems is that they can easily
be synthesized in large quantities at rather lost emd offer a higher loading capacity for
DNA. However, the major drawback of synthetic vestas their limited transduction
efficacy compared to viral vectors after vivo application, which is currently mainly
compensated by the application of larger quantafegector formulation.

Most synthetic vectors are generally based on ftatimns of chemically defined, positively
charged polymers (polycations or cationic lipidghich interact electrostatically with the
negatively charged nucleic acids. The resultingyjpexes" or "lipoplexes" protect DNA
from degradation and are positively charged thevesatiue to an excess of polymer used to
form compact nanosized complexes suitable foremity. Cell entry mainly occurs due to
interaction with the negatively charged cell memiesa followed by endocytosis of
polyplexes.

Over the last decades a huge variety of polymegsnlgn cationic polymers or cationic
lipids have been investigated to generate synthgéine carriers. To date, systemic
administration of polycationic polymers has oftesulted in toxic responses, which is
mostly linked to the positive surface of the vestaraking them incompatible for clinical
applications. The existing synthetic cationic sysecan be divided in two groups: non-
degradable and degradable polymers. Non-degradaddieners like linear- (LPEI) or
branched polyethylenimine (BPEI) are "static" stuwes, which cannot be degraded,
metabolized and eliminated by the body. In consegeiehey can accumulate in cells or
organs leading to undesired and uncontrollable-tengp toxicity in living systems. In this
thesis a novel class of branched polycations basedaligoethylenimine (OEI)-grafted
polypropylenimine dendrimers (G2-HD-OEI) were usadsystemic NIS gene delivery in a
syngenic neuroblastoma (Neuro 2A) mouse model Klit al., 2009) and human

hepatocellular carcinoma (HCC) xenograft mouse rmoguH7). Low toxicity in
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association with high transfection efficiency wdsserved in different tumor cell linea
vitro using this polymers. Further, polyplexes formed thgse biodegradable polymers
prevented aggregation with erythrocytes and toxie sffects after systemic administration
invivo (Russet al., 2008a).

A main approach in gene therapy is the efficiert specific delivery of therapeutic genetic
material into selected cells in order to preverdg tinspecific toxicity. The addition of
specific targeting ligands to polyplexes may enleattansfection efficiency and allows a
more specific delivery of therapeutic genes. F@ plurpose, a number of ligands targeting
to specific cellular receptors have been exploitedtluding carbohydrates, proteins,
peptides, vitamins or antibodies. For example dnr@n3-antibody was covalently coupled
to PEI for specific delivery of polyplexes to a CBRpressing T cell leukaemia cell line
(Kircheis et al., 1997) or RGD-PEI conjugates were used for gene deliveryntegrin
expressing endothelial tumor cells (Kunathal., 2003). Promising results were obtained
with transferrin coupled polyplexes, which led teveral-hundred-fold increase in
transfection efficiency in selected cell lines @feiset al., 1997). Further, mannose was
applied for targeting of mannose receptor on déndcells (Kircheiset al., 1997), and
galactose for targeting of the asioaloglycoprotesneptor on hepatocytes (Zargqal.,
1997).

The epidermal growth factor receptor (EGFR) is gplated in a broad range of epithelial
tumors, such as liver cancer, and has therefore eesgluated as a target structure for gene
delivery vectors (De Bruiet al., 2007). EGF, the natural ligand of the EGFR, Heasng
growth promoting properties by activation of thecaptor tyrosine kinase via
phosphorylation and thereby represents a strongortymmomoting agent. Therefore, a
synthetic ligand with high receptor affinity whictoes not activate the receptor tyrosine
kinase is required to function as a feasible ligegmthrget gene delivery vectors to EGFR-
expressing tumor cells. In this context, dtial. discovered a new EGFR ligand by phage
display library analysis called GE11 (Sequence: @G YFPQNVI) which showed high
affinity towards EGFR with no significant activatigpotential at the receptor tyrosine
kinase (Liet al., 2005).

In the current study, we evaluated the efficacynolel synthetic nanoparticle vectors based
on linear polyethylenimine (LPEI), shielded by attment of polyethylene glycol (PEG)
and coupled with the synthetic EGFR-specific peptiE11 for targeting the NIS gene to
human hepatocellular carcinoma (HCC) cells.
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Aims of thethesis

Currently available data clearly demonstrate thermous potential of NIS as a novel
reporter and therapy gene. As logical consequehttee@ioneer work in the prostate cancer
model by J.C. Morris and C. Spitzweg and the camsee work in other tumor models in
the NIS gene therapy field, the next crucial stegvards clinical application of the
promising NIS gene therapy concept, has to be thkiation of gene transfer methods that
own the potential to achieve sufficient tumor-selectransgene expression levels not only
after local or regional but also after systemic l@pgion to be able to reach tumor
metastases.

The fist aim of the thesis was to explore the pimaeof a replication-deficient adenovirus
for local NIS gene transfen vitro andin vivo in a HCC (HepG2) xenograft mouse model.
Further, we compared the therapeutic efficacy®tfand **Re after local adenoviral NIS
gene transfer in this HCC xenograft model.

The second aim of the thesis was to characterieebtbdistribution of functional NIS
expression after systemic NIS gene transfer usingndhed polycations based on
oligoethylenimine (OEIl)-grafted polypropyleniminesrdirimers for tumor-specific NIS
gene delivery in a syngenic neuroblastoma (Neuro2Aguse model and human
hepatocellular carcinoma (HCC) xenograft mouse md@deH7). Based on thén vivo
imaging andex vivo biodistribution analysis data, therapeutic efficat’*!l was analyzed.
The third aim of the thesis was to further enhatureor selectivity by the application of
novel nanoparticle vectors based on linear polyetiimine (LPEI), shielded by
polyethylene glycol (PEG), and coupled with the thgtic peptide GE11 as an EGFR-
specific ligand for targeting the NIS gene to EG&Rressing human HCC (HuH7) cells.
Biodistribution of functional NIS expression andetitherapeutic efficacy of*i were
analyzed after systemic, EGFR-targeted NIS geneetyl

Based on the role of NIS as a potent and well ctaraed reporter gene allowing non-
invasive imaging of functional NIS expression i-scintigraphy and'*1-SPECT-CT
imaging, these studies allowed detailed charaettoz ofin vivo vector biodistribution as
well as localization, level and duration of transgexpression, an essential prerequisite for
exact planning and monitoring of clinical gene #pr trials with the aim of

individualization of the NIS gene therapy concepthe clinical setting.

10
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2. Chapter 1

Comparison study of **| and ***Re therapy
In liver cancer after tumor-specific in vivo
sodium iodide symporter (NIS) gene

transfer
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Abstract

We recently reported therapeutic efficacy"8f in hepatocellular carcinoma (HCC)
cells stably expressing the sodium iodide sympdit#s) under the control of the tumor-
specific alpha-fetoprotein (AFP) promoter. In therent study we investigated the efficacy
of adenovirus-mediateiah vivo NIS gene transfer followed by and*®®Re administration
for the treatment of HCC xenografts. We used aigapbn-deficient adenovirus carrying
the hNIS gene linked to the mouse AFP promoter (Ad5-AHB) for in vitro andin vivo
NIS gene transfer. Functional NIS expression wasiicoed byin vivo y-camera imaging,
followed by analysis of NIS protein and mRNA ex@ies. Human HCC (HepG2) cells
infected with Ad5-AFP-NIS concentrated 50% of thEpleed activity of**1, which was
sufficiently high for a therapeutic effect in @m vitro clonogenic assay. Four days after
intratumoral injection of Ad5-AFP-NIS (3 x 10PFU) HepG2 xenografts accumulated
14.5% ID/g** with an effective half-life of 13 h (tumor absed dose 318 mGy/MBq
131). In comparison, 9.2% ID/{f®Re was accumulated in tumors with an effective-tifaif
of 12.8 h (tumor absorbed dose 545 mGy/MBq). Aftelenovirus-mediated NIS gene
transfer in HepG2 xenografts administration of araipeutic dose of*Yl or **Re (55.5
MBq) resulted in a significant delay in tumor gromand improved survival, with®Re
being mildly more potent thali'l. In conclusion, a therapeutic effect 8l and***Re was
demonstrated in HepG2 xenografts after tumor-speadienovirus-mediateth vivo NIS

gene transfer.
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I ntroduction

Hepatocellular carcinoma (HCC) is a common cangign increasing incidence
world wide. It is estimated that only about 5% oCE patients are suitable for liver
transplantation (Jelic, 2009) and surgical resactaies vary between 9% and 27% (leee
al., 1982; Laiet al., 1995). However, the majority of patients haveegectable disease that
is generally considered incurable, for which theection of treatment is palliative. Despite
novel treatment strategies including cryosurgeryercptaneous ethanol injection,
radiofrequency thermal ablation and chemoembobratihe prognosis of patients suffering
from advanced HCC has remained poor. Therefore, dbéeelopment of alternative
therapeutic approaches, including gene therapiegsired to improve the management of
these patients.

In order to investigate an innovative gene therapgroach, in an earlier study we
examined the feasibility of*!l therapy of HCC following stable transfection withe
sodium iodide symporter (NIS) using a mouse algtagrotein (AFP) promoter construct
to target NIS expression to HCC cells (Willhawgtkal., 2008b). NIS mediates the active
transportof iodide across the basolateral membrane of beamghmalignant thyroid cells
and represents the molecular basis for the diagnostid therapeutic application of
radioiodine, which has been successfully used ¥er @0 years in the treatment of thyroid
cancer patients (Spitzwes al., 2001c; Hingoranét al., 2010a). Since its cloning in 1996
NIS has been characterized as a novel promisiggttaene for the development of a novel
gene therapy strategy based on selective NIS gansfér into tumor cells followed by
diagnostic and therapeutic application of radiaied{Daiet al., 1996; Smanilet al., 1996;
Spitzweg and Morris, 2001). The capacity of the NdBne to induce radioiodine
accumulation in non-thyroidal tumors has been ingated in a variety of tumor models by
several groups including our own (Spitzwatal., 1999c; Spitzwegt al., 2000b; Spitzweg
and Morris, 2002b; Kakinumet al., 2003; Dingliet al., 2004; Cengiet al., 2005; Dwyeret
al., 2005a; Scholzt al., 2005; Dwyeret al., 2006a; Dwyeset al., 2006b; Willhaucket al.,
2007; Willhaucket al., 2008a; Willhaucket al., 2008b; Hingoranget al., 2010a; Liet al.,
2010; Penheiteet al., 2010; Trujilloet al., 2010). Taken together, the potential of NIS as a
novel reporter and therapy gene for the treatmdnextrathyroidal tumors has been
convincingly demonstrated. In order to achieve turselectivity with maximal tumor-
specific cytotoxicity and minimal side effects iredithy organs, functional NIS gene

expression can be transcriptionally targeted byliegmpn of tissue- or tumor-specific
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promoters (Hart, 1996; Peerlinekal., 2009). In our earlier study, we applied a mous® A
promoter construct consisting of the basal promatet the enhancer | and demonstrated
tumor-specific iodide uptake activity in a hepalbdar carcinoma cell line (HepG2) stably
transfected with the human NIS gene under the ocbatrthe AFP promoter, which resulted
in an up to 93% cell killing aftet*1 exposure in arin vitro clonogenic assay. After
application of a therapeutié! dose (55.5 MBq) the amount of accumulated radiie in
xenografts derived from stably transfected NIS egping HCC cells was high enough to
significantly inhibit tumor growth (Willhauckt al., 2008b)

To further improve the NIS gene therapy conceptards a possible clinical
application, in the current study we developed @ication-deficient adenovirus carrying
the human NIS gene linked to the same AFP pronoatestruct (Ad5-AFP-NIS) that allows
invivo NIS gene delivery.

Because extrathyroidal tumors are not able to rofgaodide after NIS gene
transfer, the limited iodide retention time may Ipemtherapeutic efficacy df!i therapy.
The application of-®®Rhenium, which is also transported via NIS, butrabgerized by a
shorter physical half-life and decay propertiesesigy to**!i may provide a powerful tool
to enhance therapeutic efficacy of NIS-mediatedorastlide therapy!®*Re has already
been successfully used by our own group to enhémeetherapeutic efficacy of NIS-
mediated radionuclide therapy in a prostate cakerograft model. We showed significant
therapeutic efficacy with a tumor volume reductioh 85% after'®*Re application as
compared to 73% afté?’l treatment (Willhauclet al., 2007). In addition, Dadachoeaal.
demonstrated a more pronounced growth inhibitinfgcefin NIS-expressing mammary
tumors in a transgenic mouse model after applinaifd®*Re (Dadachovat al., 2005).

In the current study, we therefore examined acdatiom and therapeutic efficacy of
3 in direct comparison with®®Re in a HCC xenograft mouse model after tumor-gjgeci

adenovirus-mediateith vivo NIS gene transfer.
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Materialsand M ethods

Cdl culture

The human HCC cell line (HepG2; ATCC-HB-8065) dhd human prostate cancer
cell line (LNCaP; ATCC-CRL-1740) were cultured ifPRl (Invitrogen Life Technologies
Inc., Karlsruhe, Germany) supplemented with 10%lfbbvine serum (v/v) (PAA; Colbe,
Germany) and 1% penicillin/streptomycin (v/v). Tihieman melanoma cell line (1205 Lu,
kindly provided by Meenhard Herlyn, The Wistar Inge, Philadelphia, USA) was grown
in MCDB 153 medium (Invitrogen Life Technologiesclp supplemented with 20%
Leibovitz's L-15 medium (v/v) (Invitrogen Life Teoblogies Inc.), 2% fetal bovine serum
(v/v), 5 pg/ml insulin (Sigma, Munich Germany) atéo penicillin/streptomycin (v/v).
Cells were maintained at 37 °C and 5%,G®@an incubator with 95% humidity. The cell

culture medium was replaced every second day disdveere passaged at 85% confluency.

Recombinant adenovirus production

A replication-deficient human recombinant type Zemalvirus (Ad5) carrying the
human NIS gene linked to a mouse AFP promoter oactstonsisting of the basal promoter
and enhancer element | (Willhauek al., 2008b) (kindly provided by Markus Geissler,
Esslingen, Germany) was developed in collaboratth ViraQuest Inc. (North Liberty,
IA, USA) (Ad5-AFP-NIS). The human NIS cDNA was ctibm the pcDNA plasmid
(kindly provided by Sissy M. Jhiang, Ohio State wmsity, Columbus, OH, USA) using
EcoRI and cloned intahe shuttle vector (pVQAd-Ascl-NpA). The AFP promotonstruct
was cloned into the pVQAd-Ascl-NpA usirkpn | andXho |. The resulting shuttle vector
construct contains the full-length NIS cDNA couptedhe AFP promoter.

As controls, a replication-deficient adenovirusrgigng the NIS cDNA under the
control of the unspecific cytomegalovirus (CMV) proter generated as described
previously (Ad5-CMV-NIS) (Spitzwegt al., 2001a) and an empty virus (Ad5-control)

were used.

Adenovirus-mediated NI S genetransfer in vitro

For in vitro infection experiments, HepG2 or control cells (L&Cand 1205 Lu)
(1.5 x 16 cells/ml in12-well plates) were washed and incubated with @M (Invitrogen
Life Technologies Inc.) containing Ad5-AFP-NIS (601 = multiplicity of infection) for

2.5 h. Medium was replaced by fresh culture medamna virus-infected cells were further
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maintained for 4 days, before iodide accumulati@s weasured (see below) to determine
levels of functional NIS protein expression. Allesbviral infections were carried out at

least in triplicates.

18| uptake assay

Following infection with Ad5-AFP-NIS or Ad5-controlodide uptake of HepG2 or
control cells was determined at steady-state comdit(\Weisset al., 1984) as described
previously (Spitzwegt al., 1999c). Results were normalized to cell viabiatyd expressed

as cpm/A 490 nm.

Cell viability assay

Cell viability was measured using the commercialailable MTS-assay (Promega
Corp., Mannheim, Germany) according to the manufacts recommendations as
described previously (Unterholznetral., 2006).

Clonogenic assay

HepG2 cells were infected with Ad5-AFP-NIS (60 M@K described above. Four
days following infection, cells were incubated #bh with 29.6 MBq (0.8 mCi), 14.8 MBq
(0.4 mCi) or 7.4 MBq (0.2 mCi}*!i in Hank’s balanced salt solution supplemented wit
10 pM Nal and 10 mM HEPES (pH 7.3) at 37 °C. Afterubation with**!1, a clonogenic
assay was performed as described previously (Mbadal, 1999; Spitzwegt al., 2000Db).

Establishment of xenograft tumorsin nude mice

HepG2 and 1205 Lu xenografts were establishedviireéks old female CD-1 nu/nu
mice (Charles River, Sulzfeld, Germany) by subcetas injection of 1 x T0HepG2 cells
suspended in 100 ul PBS and 100 pl Matrigel Basenvembrane Matrix (Becton
Dickinson, Bedford, MA, USA) or 1.5 x 20205 Lu cells suspended in 100 pl PBS into the
flank region. LNCaP xenografts were establishednile CD-1 nu/nu by subcutaneous
injection of 1 x 18 cells suspended in 250 ul PBS and 250 pl of MeltrBasement
Membrane Matrix (Becton Dickinson, Bedford, MA, UB#to the flank region. Animals
were maintained under specific pathogen-free cammditwith access to mouse chow and
water ad libidum. The experimental protocol was approved by theéored governmental
commission for animals (Regierung von Oberbayemnigh, Germany).

16



Chapter 1

Adenovirus-mediated NI S gene delivery in xenograft tumorsin nude mice

Experiments started when tumors had reached ao$i®5 mm. After a 10-day
pretreatment with L-T4 (I-thyroxine, Sanofi-AventiBrankfurt am Main, Germany) (5
mg/l) in their drinking water to maximize radioio@ uptake in the tumor and reduce iodide
uptake by the thyroid gland, animals were anestbéti with ketamine (Hameln
pharmaceuticals, Hameln, Germany) (100 pg/g) amakzie 2% (v/v) (Bayer, Leverkusen,
Germany) (10 pg/g). Thereafter, 3 X BFU (diluted with PBS to a total volume of 100 pl)
of the recombinant Ad5-AFP-NIS or Ad5-control wengected at five different injection
sites directly into the tumor using tuberculin sges with a 30-gauge x 0.5-inch needle
The needle was moved to various sites within tmeotuduring injection to maximize the
area of virus exposure. To investigate tumor spgifof the virus construct in the case of
virus leakage, a cohort of tumor-bearing mice nezi3 x 18 PFU of either the non-
specific Ad5-CMV-NIS or the tumor-specific Ad5-ARRES systemically via tail vein

injection.

Radionuclide uptake studiesin vivo

Four days after intratumoral or intravenous in@etof Ad5-AFP-NIS, Ad5-control
or Ad5-CMV-NIS, mice received 18.5 MBq (0.5 mC#¥l or 111 MBq (3 mCi)**Re
intraperitoneally (i.p.) and radionuclide biodibtition was monitored by serial imaging on
a gamma camera (Forte, ADAC Laboratories, Milpi@8, USA) equipped with a VXHR
(Vantage Extra High Resolution) collimato?¥) or a medium-energy general purpose
(MEGP) collimator {*Re) as described previously (Willhauekal., 2007; Willhaucket
al., 2008a). Regions of interest were quantified arpressed as a fraction of the total
amount of applied radionuclide per gram tumor &ssthe retention time within the tumor
was determined by serial scanning after radionadinection and dosimetric calculations
were performed according to the concept of MIRDthwiihe dosis factor of RADAR-group

(www.doseinfo-radar.com).

Analysis of NIS mRNA expression using quantitative real-time PCR

After infection with Ad5-AFP-NIS total RNA was ikded from HepG2 xenografts
using the RNeasy Mini Kit (Qiagen, Hilden, Germamagcording to the manufacturer’s
recommendations. Single stranded oligo (dT)-prinreDPNA was generated using
Superscript 1l Reverse Transcriptase (Invitrogeife LTechnologies Inc., Karlsruhe,
Germany). Following primers were usdiNIS (5 -TGCGGGACTTTGCAGTACATT-3")
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and (5"-TGCAGATAATTCCGGTGGACA-3), GAPDH: (5°-
GAGAAGGCTGGGGCTCATTT-3) and (5"-CAGTGGGGACACGGAAGS).

Quantitative real-time PCR (qPCR) was performedlie cDNA from 1 pg RNA using
the SYBR green PCR master mix (Qiagen, Hilden, Geyy in a Rotor Gene 6000
(Corbett Research, Morthlake, New South Wales, ralia). Relative expression levels
were calculated using the comparativeAC; method and internal GAPDH for

normalization.

I ndirect immunofluorescence assay

Indirect immunofluorescence staining using an amlyb against Ki67 (Abcam,
Cambridge, UK) was performed on frozen tissue emsstias described previously
(Willhauck et al., 2007).

I mmunohistochemical analysis of NIS protein expression

Immunohistochemical staining of frozen tissue isest derived from HepG2
xenografts after adenovirus-mediated gene delivey performed as described previously
(Spitzweget al., 2007). For histological examination parallel eBdwere also routinely

stained with hematoxylin and eosin.

Western blot analysis

Membrane proteins were prepared from virus infeckdebG2 xenografts as
described previously (Castebal., 1999) and subjected to electrophoresis on a24% Bis-
Tris-HCI buffered polyacrylamide gel. After transfeof proteins to nitrocellulose
membranes by electroblotting, membranes were prbated in 2% low fat dried milk in
TBS-T (20 mM Tris, 137 mM NaCl, and 0.1% Tween 2®estern blot analysis was
performed using a mouse monoclonal antibody diceeigainst amino acid residues 468-
643 of human NIS (kindly provided by John C. Moriayo Clinic, Rochester, MN, USA)
(dilution 1:3000) as described previously (Spitzweegl., 1999c).

Radionuclide therapy study in vivo

Following a 10-day L-T4 pretreatment as describeadva, 4 groups of mice (each
n=6) were established. Each mouse received 55.5 WiBgr '**Re as a single i.p. injection
4 days after intratumoral injection of Ad5-AFP-Ni®x 10 PFU) or Ad5-control virus (3 x

10° PFU), respectively. In addition, two further grsupf mice were treated with saline
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instead of radionuclides after injection of eitat5-AFP-NIS (n=6) or Ad5-control virus
(n=6). Tumor size was measured before and twiceeekvafter treatment for up to seven
weeks using a caliper. Tumor volume was estimatadguthe equation: tumor volume =
length x width x height x 0.52.

Mice were sacrificed before the end of the 7-welekeovation period, when tumors started
to necrotize, in case of weight loss of more th@% lor impairment of drinking and eating

behavior.
Statistical methods

All in vitro experiments were carried out in triplicates. Rissate represented as

means +/- SD of triplicates. Statistical significarwas tested using Student’s t-test.
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Results

| odide uptake studiesin vitro

Transduction conditions using Ad5-AFP-NIS were mitied in HepG2 cells by
measurement of perchlorate-sensitive iodide uptaki@ity (data not shown). At a dose of
60 MOI we achieved highest transduction efficieatyow cytotoxicity, which was used for
all subsequenin vitro experiments. The perchlorate-sensitive iodide keptactivity was
measured at various time points after Ad5-AFP-Nifedtion (data not shown). Maximum
iodide uptake activity was observed 4 days follagyinfection, when cells showed a 102-
fold increase in perchlorate-sensitit’@ accumulation as compared to cells infected with
the control virus (Ad5-control) (Fig. 1A). Tumor epficity of Ad5-AFP-NIS was
confirmed by infection of control cancer cell lin@NCaP, 1205 Lu) not expressing AFP

showing lack of perchlorate-sensitive iodide upta&gvity (Fig. 1A).
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Fig. 1: ' uptake was measured in HepG2 cells followingdtiten with either Ad5-AFP-NIS or Ad5-control.
LNCaP and 1205 Lu served as controls. HepG2 adisied with Ad5-AFP-NIS showed a 102-fold increase
in perchlorate-sensitive”l accumulation. In contrast, no iodide uptake aboaekground level was observed
in HepG2 cells transfected with an Ad5-control siror control cells transfected with Ad5-AFP-NIS
(***p<0.001).

In vitro clonogenic assay using **!

An in vitro clonogenic assayvas performed to determine the therapeutic efficaty
increasing doses (7.4 MBq (0.2 mCi), 14.8 MBq (®&i), 29.6 MBq (0.8 mCi)) ot*}i in
HepG2 cells after adenovirus-mediated NIS genestean(Fig. 1B). While up to 95% of
NIS-transduced HepG2 cells were killed by expodar€i in a dose dependent manner,
98% of uninfected HepG2 cells survived the treatnwveith 29.6 MBq*®4. Since HepG2
cells infected with Ad5-AFP-NIS without radioiodineeatment (saline only) had similar

20



Chapter 1

survival rates, we assume that virus infection geehad no influence on cell survival of

HepG2 cells.
B ***p<0.001
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Fig. 1. In anin vitro clonogenic assay, HepG2 cells infected with AdFPA¥S were exposed for 7 h to 7.4
MBq (0.2 mCi), 14.8 MBq (0.4 mCi) or 29.6 MBq (0@Ci) . resulting in cell killing rates of
approximately 52%, 73% and 95%. Ad5-AFP-NIS-infddtepG2 cells incubated with NaCl instead B as
well as non-infected HepG2 cells incubated with6291Bq (0.8 mCi)**!l showed almost no unselective cell
death (***p<0.001). Results are expressed as mearsD.

Radionuclide uptake studies after in vivo NI S gene transfer

Radionuclide biodistribution was monitored in tumwmearing mice 4 days after
intratumoral injection of Ad5-AFP-NIS (3 x 10PFU) using a gamma camera. While no
radionuclide accumulation was detected in tumoterahfection with Ad5-control (left
flank) NIS-transduced HepG2 tumors (right flankpwied a significant uptake of%1 and
1%8Re (Fig. 2A, B). As determined by serial scannitig,5% ID/g (percentage of the
injected dose per gram tumor tisst&) and 9.2% ID/g"®**Re were accumulated 2 h post
injection (p.i.) in NIS-transduced xenograft tumuiith effective half-lifes of 12.3 h for'!
and 13 h for'®®Re. The absorbed doses to the tumor were calculatbd 318 mGy/MBq
131 as compared to 545 mGy/MBq féf®Re. In addition to tumoral uptake, significant
radionuclide accumulation was observed in tissuégsiplogically expressing NIS,
including stomach and thyroid. In this contextsitimportant to mention that the uptake in
the stomach appears to be higher than usually iseletimans, which is most probably due
to higher levels of NIS protein expression in margastric mucosa and pooling of gastric
juices due to the anesthesia for a prolonged peluothg imaging procedure.

In addition, tumor specificity of Ad5-AFP-NIS wasonfirmed by infection of
control tumor xenografts (LNCaP, 1205 Lu) which diot result in tumoral iodide uptake
activity (Fig. 2C, D).
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Fig. 2: Radionuclide uptake studiga vivo: * (A) and '*®Re (B) scans of nude mice, bearing HepG2
xenografts located on the right and left flank, &fter administration of 18.5 MBq (0.5 mCiyl or 111 MBq

(3 mCi) **®Re. Four days following intratumoral injection of®-AFP-NIS (right) and Ad5-control (left) Ad5-
AFP-NIS infected tumors trapped 14.5% IDfJ (A) and 9.2% ID/g'**Re (B), while Ad5-control infected
tumors showed no radionuclide uptake (A and B)cdntrast, control LNCaP xenografts (C) and 1205 Lu
xenografts (D) infected with Ad5-AFP-NIS showed tnmoral iodideaccumulation. Radionuclides were also
accumulated physiologically in bladder, stomach taydoid gland.

In order to further confirm tumor-specificity of dhAFP promoter, we injected virus
systemically via the tail vein of HCC xenograft beg mice. Four days after systemic
injection of 3 x 18 PFU Ad5-CMV-NIS high levels of iodide uptake wereserved in the
liver due to hepatic pooling of the adenovirus (RB8), whereas no iodide accumulation
was observed in the tumor. In contrast, after adstmation of Ad5-AFP-NIS we did not
observe significant iodide uptake in non-targetaosylike liver or lungs as determined by
123 scintigraphy (Fig. 3A), although it is expectdtht most of the Ad5-AFP-NIS is also
pooled in the liver after tail vein injection. Iméstingly, despite significant hepatic
adenovirus pooling a low level of iodide uptake Idoalso be observed in HCC xenografts
after systemic injection of Ad5-AFP-NIS underlinitigmor specificity and high activity of
the AFP promoter used in our study. These data s@nérmed byex vivo biodistribution
analysis by gamma counter analysis showing that #&% were accumulated in the liver
after i.v. injection of Ad5-CMV-NIS, whereas follamg injection of Ad5-AFP-NIS only
1% ID/g was accumulated in the liver (Fig. 3C) &% 1D/g in the tumor.
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Fig. 3: Invivo imaging of** biodistribution in nude mice after i.p. adminision of 18.5 MBq (0.5 mCi)*

4 days after intravenous administration of Ad5-ARFS (A) or Ad5-CMV-NIS (B). Images shown were
acquired 4 h after radioiodide administration. &aihg systemic application of Ad5-CMV-NIS high ldsef
iodide accumulation were observed in the liver withiodide uptake in the tumor (B). In contrasteai.v.
application of Ad5-AFP-NIS no iodide accumulatiormsvobserved in the liver or other non-target organs
while a low level of iodide uptake was observedthe tumor (3.7% ID/g) (A). Gamma counter analysis
showed accumulation of 48% ID/g in the liver after injection of Ad5-CMV-NIS, whereas livers of Ad
AFP-NIS injected mice accumulated only 1% ID/g (Rgsults are expressed as means +/- SD (***p<0.001)
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Analysis of NIS mRNA expression in HepG2 xenografts

In order to assess NIS mRNA expression after ladahoviral NIS gene transfer
vivo, mMRNA of tumors was extracted and analyzed by tiatine real-time PCR (gPCR)
with a pair of NIS-specific oligonucleotide primergPCR analysis revealed a 33-fold
increase in NIS mRNA expression in HepG2 xenogrftlays after intratumoral injection
of Ad5-AFP-NIS as compared to mock-transduced temiBarthermore, no significant NIS

MRNA expression above background level was detentadtreated tumors (Fig. 4).

***p<0.001
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Fig. 4. Analysis of human NIS mRNA expression in HepG2ogmafts. A significant NIS mRNA level was
observed after intratumoral injection of Ad5-AFPSNIIn contrast, no significant NIS expression above
background level was found in tumors after infettiath Ad5-control or in untreated tumors (***p<@D).

Western blot analysis

Four days following intratumoral injection of AdS5FR-NIS or Ad5-control, NIS
protein expression levels were determined in Hem®R xenografts by Western blot
analysis using a mouse monoclonal antibody direetgainst amino-acid 468-643 of the
human NIS protein. Western blotting of membranetgins derived from Ad5-AFP-NIS-
infected xenografts revealed a NIS-specific band ofolecular weight of approximately 90

kDa, which was not detected in tumors transduceld Ai5-control (Fig. 5A).
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Fig. 5: Western blot analysis of HepG2 xenografts 4 daylewing infection with Ad5-AFP-NIS or Ad5-
control. NIS protein was detected as a major bdrapproximately 90 kDa in Ad5-AFP-NIS infected HeEpG
xenografts, while Ad5-control infected HepG2 xeradty did not show NIS protein expression (A).

I mmunohistochemical analysis of NI S protein expression in HepG2 xenografts

Immunohistochemical analysis of HepG2 xenografts®igg@ mouse monoclonal
hNIS-specific antibody revealed a heterogeneousistpipattern with areas of primarily
membrane-associated NIS-specific immunoreactivity tumors after intratumoral
application of Ad5-AFP-NIS (Fig. 5B, white arrows$). contrast, tumors treated with Ad5-
control showed no NIS-specific immunoreactivityd P C). Parallel control slides with the
primary and secondary antibodies replaced in twnPBS and isotype-matched non
immune immunoglobulin were negative (data not shown

Fig. 5: Immunohistochemical staining of HepG2 xenograftags after infection with Ad5-AFP-NIS showed
heterogeneous, primarily membrane-associated NéSHsp immunoreactivity (B). In contrast, HepG2
xenografts infected with Ad5-control did not revéliE-specific immunoreactivity (C). MagnificatioA00 x

25



Chapter 1

Radionuclide therapy study in vivo

After 2 - 3 weeks of tumor growth (average tumandeter 3 - 5 mm) and 4 days
after local virus application, 4 groups of mi¢&i(group: Ad5-AFP-NIS (n=6)!*Re group:
Ad5-AFP-NIS (n=6) and control groups with Ad5-catand**Yi (n=6) or ***Re (n=6))
were administered 55.5 MBq (1.5 mCii or ***Re per mouse by a single i.p. injection,
whereas two other control groups (saline groups5-A&P-NIS (n=6) or Ad5-control
(n=6)) were treated with saline instead of radidides. All saline treated tumors and
tumors infected with the control virus continueeithgrowth throughout the observation
period (increase in tumor size: Ad5-conttlf 26.9-fold; Ad5-controf®®Re: 25.2-fold:
Ad5-control/saline: 24.5-fold; Ad5-AFP-NIS/salin@3-fold) (Fig. 6A). In contrast, NIS
transduced tumors showed a significant delay inotugrowth after injection of*! or
1%Re. 3 - 5 weeks following radionuclide injectioretapeutic efficacy of**Re seemed to
be more pronounced as compared*b However, differences were mild without reaching
statistical significance. While all of the micethre control groups had to be killed within the
first 5 weeks after onset of the experiments duextwessive tumor growth, 85% of mice
treated with**!1 or **®Re after locain vivo NIS gene transfer survived approx. 7 - 8 weeks
(Fig. 6B) None of the mice showed adverse effects after viousradionuclide

administration.
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Fig. 6;: Radionuclide therapy studies vivo. Growth of Ad5-AFP-NIS infected HepG2 xenograftelid
symbols) and Ad5-control infected HepG2 xenogrédtsen symbols) in nude mice following injection5#.5
MBq (1.5 mCi) **, ®®Re (solid lines) or saline (dashed lines). Raditidactherapy after intratumoral
injection of Ad5-AFP-NIS resulted in a significag¢lay of tumor growth (A, **p<0.01) that was assded

with markedly improved survival (B, Kaplan-Meiergp) as compared to control groups that were ingecte
with Ad5-control followed by saline or radionuclidg@plication (*p<0.05).

Histological evaluation of HepG2 xenografts showegignificant degree of necrosis
(arrows) in NIS-transduced tumors 4 weeks afteioragtlide treatment't}i or **®Re) (Fig.

7A, B), while saline treated tumors exhibited oslyall areas of necrosis (arrows) (Fig.
7C).

Fig. 7. Histological evaluation of of HepG2 tumors showedsignificant degree of necrosis after NIS-
mediated™} (A) or '®®Re-therapy (B). In contrast, NIS-transduced tumors followeg 4aline injection
showed no significant necrosis (C). MagnificatidA0 x
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Discussion

Gene therapy for HCC represents a new technologly thore than any currently
available therapy, takes direct advantage of our mederstanding of tumor carcinogenesis
at the molecular level. A variety of gene therapgtegies have been examined for HCC in
the recent years, such as immunomodulatory gemepencluding cytokine gene transfer,
cytoreductive gene therapy using the herpes simpiais thymidine kinase/ganciclovir
system and the cytosine deaminase/5-fluorocytosyséem, antiangiogenic gene therapy,
corrective gene therapy aiming at restoration @ p&pression as well as oncolytic viral
therapy (Sangret al., 2005). However, none of these therapeutic appexmbas reached
the clinical area yet.

As one of the oldest and most successful targetsabécular imaging and therapy,
cloning and characterization of NIS has providedvith a powerful new therapy gene, that
allowed the development of a promising cytoredwctiene therapy strategy based on NIS
gene transfer in extrathyroidal tumors followedtaggeted radionuclide therapy (Smaswik
al., 1996; Smanilet al., 1997; Daiet al., 1996; Hingorangt al., 2010a). In its dual role as
reporter and therapy gene NIS allows direct, nmasive imaging of functional NIS
expression by'#-scintigraphy and **4-PET-imaging as well as exact dosimetric
calculations before proceeding to therapeutic appbn of'*Yi or alternative radionuclides
(Spitzweg and Morris, 2002b; Dingdt al., 2003b; Hingoranét al., 2010a).

As one of the first groups to explore the efficaoly NIS gene therapy in
extrathyroidal tumors we chose prostate cancemifialitumor model and used the PSA and
probasin promoters to transcriptionally target tior@al NIS expression to prostate cancer
cells, that resulted in a highly significant thezapc effect after application df'1 in vitro
andin vivo (Spitzweget al., 1999; Spitzweget al., 2000b; Kakinumaet al., 2003). In
further studies we were able to confirm these dgtdhe successful application of other
tumor-specific promoters, such as the carcinoembcyantigen (CEA) promoter and the
calcitonin promoter, to induce tumor-specific ioglidccumulation in colon and medullary
thyroid cancer cells, respectively (Cengical., 2005; Scholzt al., 2005; Spitzwegt al.,
2007). Moreover, based on our promising prelimimnagrk and the proof-of-principle of
tumor-specific NIS gene therapy in prostate caneetrfjrst phase | clinical trial was
approved after extensive toxicity and efficacy sadn rats and large animal models at the
Mayo Clinic for radioiodine therapy of locally retant prostate cancer after local
adenoviral NIS gene transfer (Dwyetral., 2005b).
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In addition, in the prostate cancer model we l@rerincingly demonstrated that the
application of the alternative radionuclid®¥&Re and*'At, which are also transported by
NIS, is capable of significantly enhancing therdmeuefficacy of NIS-mediated
radionuclide therapy (Willhauckt al., 2007; Willhaucket al., 2008a). While the high
energy alpha emitté?'At with a maximal path length of only 70 pm was m@otent in
smaller tumors as compared*td, therapeutic efficacy of®Re (maximal path length of up
to 10.4 mm) was superior in larger tumors (Willhaetal., 2007; Willhaucket al., 2008a).

In liver cancer Chest al. reported that stop of tumor growth could be agtden
vivo in a subcutanous HCC rat model aft&t application following retroviral NIS gene
transfer under control of the albumin promoter (Cheal., 2006). However, application of
the albumin promoter implies the problem of possilslubstantial toxicity to normal
hepatocytes, which, in our opinion, significanthypairs the feasibility of this approach. We
have therefore chosen to apply the tumor-specifi® Aromoter to transcriptionally target
NIS expression selectively to liver cancer cellsréivy minimizing toxicity in normal liver
cells and other organs (Willhauek al., 2008b). AFP is a 70 kilo-dalton protein that is
exclusively expressed in the yolk sac and livemaimmals during embryonic development
and after birth only reexpressed in neoplasticsi@mation or injury to the liver as well as
in teratocarcinomas. Due to its tumor-specific tatjon, AFP is widely used as highly
specific tumor marker for HCC and teratocarcinonaasl the AFP promoter therefore
represents an ideal means for HCC-specific trapisonal targeting of therapeutic genes
(Idoetal., 2001; Luet al., 2003).

As a next crucial step towards clinical applicataf the NIS gene therapy approach
in liver cancer patients, in the current study veefgrmedin vivo NIS gene transfer into
HCC xenograft tumors using a replication-deficiaoman adenovirus carrying the human
NIS gene linked to the AFP promoter (Ad5-AFP-NIShdaexamined radionuclide
accumulation and therapeutic efficacy*df and***Re

We decided to use a recombinant adenovirus sexd@yyector for our experiments
since it was demonstrated that these vectors gtdyhefficient forin vivo gene transfer
upon intratumoral administration due to high titéney can produce and their ability to
infect non-dividing cells (Zhang al., 1999). In addition, using adenoviral vectorsaéint
in vivo gene transfer has been demonstrated in numerssigetitypes, including glioma
(Lang et al., 2003), bladder carcinoma (Pagliaatoal., 2003), ovarian cancer (Wadf al.,
2004) and liver tissue (Faivret al., 2004; Herveet al., 2008) tested either alone or in
combination with chemotherapy or radiotherapys lkmown that adenoviral gene transfer is
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dependent on several critical steps, including svirattachment to the cellular
coxsackievirus-adenovirus receptor (CAR), intemalon via endocytosis, endosome
escape and transport of virion DNA to the cell eusl (Svensson and Persson, 1984).
Expression of CAR was shown to be a crucial pras#tgufor successful adenovirus cell
entry (Bergelsoret al., 1997). In this context it was shown that hep&tisue, especially
hepatocellular carcinoma cells including HepG2 s;etlighly express CAR (Nakamugh
al., 2003). In addition, in liver cancer the posstiilof regional virus application via the
hepatic artery maximizes regional toxicity with mmal systemic toxicity, still allowing to
reach disseminated HCC tumors throughout the lizeen after systemic application most
of the adenovirus is passively pooled in the liwsith the tool of transcriptional targeting
by application of the AFP promoter NIS expressian be actively targeted to tumor cells
thereby avoiding toxicity to normal hepatocytes.

In the current study, aftén vitro characterization of Ad5-AFP-NIS in human HCC
cells, HepG2 tumors injected with Ad5-AFP-NIS welemonstrated to accumulate 14.5%
ID/g of the total radioiodine administered with average effective half-life of 12.3 h. In
comparison, NIS expressing tumors accumulated appetely 9.2% ID/g'®Re, with an
effective half-life of 13 h. These data are comsistwith previous biodistribution studies in
different tumor models showing higher amounts afuaculated iodide thaff®Re in NIS
expressing tumors suggesting a higher affinity 8 For iodide than for**Re (Kanget al.,
2004; Dadachovat al., 2005; Willhaucket al., 2007). In our study, a tumor absorbed dose
of 545 mGy / MBg®®Re was calculated, which was 1.7 times higher fbaftl (318 mGy
/ MBq). In contrast, Dadachow al. showed a radiation dose 4.5 times higher'#&Re
than for % in NIS expressing mammary adenocarcinomas in MMJIBUT mice
(Dadachoveet al., 2005). Similarly in one of our earlier studiesNiS-expressing prostate
cancer xenografts, the tumor absorbed dose wasased 4.5-fold after application BfRe
as compared td*4 (Willhauck et al., 2007). This difference might be due to a more
inhomogeneous NIS expression pattern and therefoegerogeneous radionuclide
accumulation after adenovirdh vivo NIS gene transfer as compared to stably or
endogenously NIS expressing tumor models in thedoistudies.

To further confirm tumor-specificity of the AFPgmoter construct we administered
Ad5-AFP-NIS systemically via the tail vein, whickddhot result in any iodide uptake in the
liver or other non-target organs demonstrating ctiéy and safety of this construct,
despite the significant adenovirus pooling in tlverl as demonstrated by i.v. application of
the unspecific Ad5-CMV-NIS, that resulted in higbvéls of hepatic iodide uptake.
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Interestingly, even after systemic tail vein injentof Ad5-AFP-NIS and pooling of most of
the virus in the liver, enough virus particles teadt the peripheral HCC xenografts to
induce a low level of iodide uptake of approx. 4®W/d, demonstrating high tumor
specificity and promoter activity of our adenovireéctor. These data confirm that
transcriptional tumor targeting by application betAFP promoter allows to restrict NIS
expression to tumor cells to avoid toxicity to nafnmepatocytes suggesting a safe gene
transfer method even in the case of virus leakagéter systemic application.

Tumoral NIS expression was further confirmed byl-teae gPCR, Western blot
analysis as well as NIS-specific immunostainingicltwas primarily membrane-associated
and showed a heterogeneous pattern throughoud i t

Our comparative® and*®®Re therapy experiments afiervivo NIS gene transfer in
HepG2 xenografts were performed with a single imjecof 55.5 MBq (1.5 mCi)*!1 or
1%8Re. Using each of the radionuclides tumor growtiNt8-transduced HepG2 xenografts
was significantly delayed which was associated wtarkedly improved survival. The
therapeutic effect of the NIS-mediated radionuctitErapy was less pominent in the current
study as compared to earlier studies in other tumadels showing tumor volume
reductions of up to 80 - 90% (Spitzweigal., 2000b; Spitzwegt al., 2001a; Dingliet al.,
2003a; Faivret al., 2004; Dwyeret al., 2006a; Dwyekt al., 2006b; Willhauclet al., 2007;
Willhauck et al., 2008a). This might be due to the extraordinanityh proliferation rate of
HepG2 tumors that showed a Ki67 index of approxatyat0% in contrast to 35% in the
LNCaP tumors used in our earlier studies (Spitzeteg)., 2000b; Spitzwegt al., 200143,
Willhauck et al., 2007; Willhaucket al., 2008a). Given the fact that tumors with suchghi
proliferation index are usually treated with sysiemoytotoxic chemotherapy, such as
etoposid and cisplatin, and do not respond weththation therapy, the observed level of
tumor growth delay in contrast to the explosivevgtoof control tumors can be interpreted
as highly significant therapy effect. Further, bisgical examination of NIS-transduced
HepG2 cell tumors revealed a significant degrereafrosis after radionuclide therapy with
13 or '%Re, which was not seen after application of salfuggesting significant
therapeutic efficacy. These data also demonsthaterheasurement of tumor size alone is
not sufficient for proper analysis of therapeutificacy of molecularly targeted therapies
including NIS-mediated radionuclide therapy. It Iwttherefore be important to analyze
antiproliferative and antiangiogenic effects &y vivo immunohistochemical analysis as
well asin vivo imaging modalities which is currently being stutlie

31



Chapter 1

Our data are consistent with previously publishéddiss showing significant
therapeutic efficacy of NIS-mediated radioiodiderdpy in HCC. Faivret al., who applied
an adenovirus carrying the rat NIS gene under obmt the unspecific CMV promoter
intratumorally orvia the portal vein demonstrated strong tumor ghowhibition up to
complete tumor regression after applicatiot®dfin a HCC rat model (Faivret al., 2004).

In a more recent study, Hereeal. applied a recombinant adenovirus carrying the Nieg
under control of the tumor-specific hepatocarcinentastine-pancreas promoter
intratumorally or via the hepatic artery showingwth inhibition of orthotopic liver tumors
after application of* (Herveet al., 2008).

In our study the growth retardation of NIS transetl HepG2 xenografts was
slightly more pronounced after administration"®Re than after injection dfi, however,
differences were mild without reaching statistisggnificance. In contrast, in our previous
study in stably NIS expressing prostate cancer xansplants the application 6f°Re
resulted in a significantly improved tumor volunmeduction of 85% as compared to 73%
after injection of*f when treating larger tumors (Willhauekal., 2007). The difference in
therapeutic efficacy of®Re and** as seen in the prostate cancer model were atehira
the hepatoma model used in the current study wikidonsistent with the dosimetry data.
While the tumor absorbed dose in the current studg only increased approx. 1.7-fold
after application of®*Re, the dose delivered to the tumor in the prostateer model was
4.5-fold higher compared to that B as already outlined above. In addition, due ® th
aggressive growth behaviour of the HepG2 cells adeal NIS gene transfer had to be
carried out approximately 2 - 3 weeks following tumeell implantation, when tumors had
reached a size of only 3 - 5 mm in diameter, tlweeethe tumors were smaller than those
used in the prostate cancer study. The beta pestahitted by®*Re are characterized by a
longer path length with a maximum range of 10.4 esrcompared t6* (maximum path
length of up to 2.4 mm) resulting in a more pronmedcrossfire effect which is attenuated
in small tumors due to energy deposition beyonduheor borders.

In conclusion, a therapeutic effect’dfl and'®*Re has been demonstrated in HepG2
cell xenografts after tumor-specific, adenovirusdmatedin vivo NIS gene transfer, opening
new perspectives for HCC therapy. Provided thathéur studies aiming at systemic and
regionalin vivo gene delivery in orthotopic multifocal HCC modelsl confirm therapeutic
efficacy of AFP promoter-targeted NIS gene therapgse data clearly demonstrate the

potential of NIS as a novel therapeutic gene algviargeted radionuclide therapy of HCC.
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3. Chapter 2

Targeted radioiodine ther apy of
neuroblastoma tumor s following systemic
non-viral delivery of the sodium iodide

symporter (NIS) gene
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Satement of Trandational Relevance

Based on the effective administration of radioi@din the management of thyroid
cancer, cloning of the sodium iodide symporter (NI&s paved the way for the
development of a novel gene therapy strategy basetdrgeted NIS expression in cancer
cells followed by therapeutic application bfi. Our pioneer studies have convincingly
demonstrated the oncology communities the enormotential of NIS as a novel reporter
and therapy gene and allowed the approval of & pinase | clinical trial for radioiodine
therapy of prostate cancer after local adenovind Nene transfer. The next crucial step
towards clinical application in metastatic cand&as to be the evaluation of gene transfer
methods that own the potential to achieve sufficiemor-selective transgene expression
levels after systemic application.

The present report is the first preclinical studynwincingly demonstrating the high
potential of polycations based on polypropylenimileadrimers for tumor-specific delivery
of the NIS gene after systemic application resgltma significant therapeutic effect b

in a neuroblastoma mouse model. This translatietiadly therefore opens the exciting
prospect of NIS-targeted radionuclide imaging ahdrdapy of metastatic cancer using
polyplex-mediated systemic NIS gene delivery.
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Abstract

PurposeWe have recently reported significant therapeutiicacy of radioiodine
therapy in various tumor mouse models followinghs@iptionally targeted sodium iodide
symporter (NIS) gene transfer. These studies detrated the high potential of NIS as a
novel diagnostic and therapeutic gene for therimeat of extrathyroidal tumors. As a next
crucial step towards clinical application of NIS-meed radionuclide therapy we aim at
systemic delivery of the NIS gene to target exymdldal tumors even in the metastatic
stage.

Experimental Design: Therefore, in the current giwde used synthetic polymeric vectors
based on pseudodendritic oligoamines with highnsic tumor affitnity (G2-HD-OEI) to
target a NIS-expressing plasmid (CMV-NIS-pcDNA3N&uroblastoma (Neuro2A) cells.
Results: Incubation with NIS-containing polypleX&2-HD-OEI/NIS) resulted in a 51-fold
increase in perchlorate-sensitive iodide uptakivicin Neuro2A cellsin vitro. Using®
scintigraphy andex vivo gamma counting Neuro2A tumors in syngeneic A/lJemiere
demonstrated to accumulate 8-13 % 1Bt with a biological half-life of 13 h, resulting in
a tumor absorbed dose of 247 mGy/MBYl after intravenous application of G2-HD-
OEI/NIS. Non-target organs, including liver, lungidneys and spleen revealed no
significant iodide uptake. Moreover, 2 cycles oéteynic NIS gene transfer followed B
application (55.5 MBq) resulted in a significantladein tumor growth associated with
markedly improved survival.

Conclusions: In conclusion, our data clearly denrams the high potential of novel
pseudodendritic polymers for tumor-specific NIS geatelivery after systemic application
opening the prospect of targeted NIS-mediated radilide therapy of non-thyroidal tumors

even in metastatic disease.
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I ntroduction

The exact mechanism by which iodide is activelymsported across the basolateral
membrane of thyroid follicular cells has been diedi by cloning and characterization of
the sodium iodide symporter (NIS) 13 years ago (@aal., 1996; Smaniket al., 1996;
Smanik et al., 1997). NIS, an intrinsic transmembrane glycoproteith 13 putative
transmembrane domains, is responsible for thetwlwfi the thyroid gland to concentrate
iodide, the first and rate-limiting step in the pess of thyroid hormonogenesis (Eteal.,
2000; Spitzweget al., 2000a). Moreover, due to its expression in falke cell-derived
thyroid cancer cells, NIS provides the moleculasi®dor the diagnostic and therapeutic
application of radioiodine, which has been sucadlystised for more than 60 years in the
treatment of thyroid cancer patients and therefemesents the most effective form of
systemic anticancer radiotherapy available to tivec@an today (Spitzwegt al., 2001c).
Since its cloning in 1996 NIS has been identified @haracterized as a novel promising
target gene for the treatment of extrathyroidal dtsrfollowing selective NIS gene transfer
into tumor cells which allows diagnostic and thenaiic application of radioiodine and
alternative radionuclides, such #Re and®™At (Spitzweget al., 2001c; Spitzweg and
Morris, 2002b; Willhaucket al., 2007; Willhaucket al., 2008a). We have proven the
feasibility of extrathyroidal radioiodine therapftea induction of iodide uptake bsx vivo
stable NIS transfection or local adenoviral NIS @etransfer using tissue-specific
promoters, such as the prostate specific antig&RA)Promoter, alpha fetoprotein (AFP)
promoter, carcinoembryonic antigen (CEA) promote&d ahe calcitonin promoter to
specifically target NIS expression to prostateedjvcolon and medullary thyroid cancer
cells, respectively (Spitzweg al., 1999c; Spitzwegt al., 2000b; Spitzwegt al., 2001a;
Kakinumaet al., 2003; Cengicet al., 2005; Scholzet al., 2005; Spitzweget al., 2007;
Willhauck et al., 2008b). Further, cloning of NIS has provided os anly with a powerful
therapeutic gene, but also with one of the mosingsimg reporter genes available today,
that allows direct, non-invasive imaging of funciéd NIS expression by"3-scintigraphy
and **1-PET-imaging, as well as exact dosimetric caldate before proceeding to
therapeutic application of*i (Spitzweg and Morris, 2002b; Dinglet al., 2003b).
Therefore, in its role as reporter gene NIS pravidedirect way to monitor thie vivo
distribution of viral and non-viral vectors, as Wwa$ biodistribution, level and duration of
transgene expression — all critical elements indbsign of clinical gene therapy trials
(Spitzweg and Morris, 2002b; Dingdi al., 2003b).
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As logical consequence of our pioneer studieb@NIS gene therapy field, the next
crucial step towards clinical application of th@mising NIS gene therapy concept, has to
be the evaluation of gene transfer methods that thenpotential to achieve sufficient
tumor-selective transgene expression levels not after local or regional but also after
systemic application to be able to reach tumor states.

Viral vectors are the most commonly used gene feansystems employed in
clinical trials due to their high potency in gemanisfer (Everts and Van Der Poel, 2005).
However, the limitations associated with viral wstincluding induction of immune and
inflammatory responses, limited transgene loadinge,s potential toxicity and
tumorigenicity as well as high production costs dn@ncouraged researchers to focus on
alternative gene transfer vehicles.

Delivering genes to target organs with synthegéictors is a vital alternative to virus-
based methods. For systemic delivery polycationadecules are used to condense DNA
into sub-micrometer particles termed polyplexesjchare efficiently internalized into
cells, while DNA is protected from nucleases. Salv@olycations, like polyethylenimine
(PEI), bear an intrinsic endosomolytic mechanisniictv allows the transition of the
polyplex from the endosome to the cytoplasm (Meyet Wagner, 2006). Non-viral vectors
can be easily synthesized and convince especigllyhbir absent immunogenicity and
enhanced biocompatibility. The “golden standard’P&fl-based gene carriers is LPEI, the
linear form of polyethylenimine, with a moleculaeight of 22 kDa, also known as the
commercially available JetPEI®. The major drawbatk_PEI is its significant toxicity
after systemic application due to acute and lomgrteoxic effects (Chollett al., 2002).
Therefore, several biodegradable polymers wereldpgd for gene transfer (Forresital.,
2003; Kloeckneet al., 2006a) aiming to reduce the toxicity profile vehihaintaining high
transduction efficiency comparable to the standgrdhetic gene vectors. We have recently
developed a series of biodegradable carriers barseldw molecular weight polycations
crosslinked either via ester or disulfide bondso@tkneret al., 2006b; Russt al., 2008a;
Russet al.,, 2008), demonstrating very promising toxicity pikef and similar or even
superior transfection efficiency in comparison WitREI (Russet al., 2008). Continuing
this work, a novel class of branchend polycationgswsynthesized based on
oligoethylenimine (OEIl)-grafted polypropyleniminerdirimers (G2-HD-OEI) (Rus# al.,
2008a). Low toxicity in association with high tréagion efficiency was observed in
different tumor cell linesn vitro using these polymers. Moreover, polyplexes forrhgd

these biodegradable polymers prevented aggregattbrerythrocytes and toxic side effects
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after systemic administratian vivo. Transgene expression was almost exclusively thetec
intratumorally in tumor bearing mice, whereas wiblyplexes based on linear PEI
transgene expression in lung was more than 10Gstimgher than in the tumor (Russ and
Wagner, 2007; Russet al., 2008a; Russt al., 2008). Apparently, polyplexes based on
branched polycations exhibit a high intrinsic tunadfinity, significantly improving tumor-
specific targeting of transgene expression, org®imajor hurdles of gene therapy. In this
context, Dufeset al. showed that systemic injection of polypropylenieidendrimer
nanoparticles containing a TNEeXxpression plasmid regulated by telomerase gesraqier
leads to tumor-specific transgene expression, tiaguin tumor regression and improved
survival in various tumor models (Dufetsal., 2005).

In the current study, we applied the above desdrdEl-grafted polypropylenimine
dendrimers (G2-HD-OEI) as novel biodegradable amghli efficient non-viral gene
delivery vehicles for systemic NIS gene transferairsyngeneic neuroblastoma mouse
model. Based on its dual function as reporter dratapy gene, NIS was used for non-
invasive imaging of vector biodistribution B$3i-scintigraphy followed by assessment of
the therapy response after application’®4f
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Materialsand M ethods

Cdl culture

The murine neuroblastoma (Neuro2A) cell line (ATFCCL-131) was cultured in
DMEM (1g/L glucose) supplemented with 10% fetal ipevserum (v/v) (PAA; Colbe,
Germany) and 1% penicillin /streptomycin. Cells &venaintained at 37°C and 5% ¢
an incubator with 95% humidity. The cell culture dnen was replaced every second day

and cells were passaged at 85% confluency.

Plasmids and polycation

The expression vector CMV-NIS-pcDNA3 (pCMV-NIS)rtaining the full-length
NIS cDNA coupled to the CMV promoter was kindly pisied by Dr. S. M. Jhiang, Ohio
State Univesity, Columbus, OH, USA. As control, NIBNA was removed usingcoRI
and re-ligated into the same expression vectoniisense direction (pCMV-antisense/NIS).
G2-HD-OEI was synthesized as described previolRlsget al., 2008a) and used as a 5
mg/ml stock solution.

Polyplex formation

Plasmid DNA was condensed with polymers at inédatonjugate/plasmid (c/p) -
ratios (w/w) in HEPES buffered glucose (HBG: 20 riiAPES, 5% glucose (w/v), pH 7.4)
as described (Russ, 2008) and incubated at roompet@ture for 20 min. prior to use. Final
DNA concentration of polyplexes fdn vitro studies was 4 pg/ml, fan vivo studies
200 pg/ml.

Transient transfection

For in vitro transfection experiments, Neuro2A cells were groten 60-80%
confluency. Cells were incubated for 4 h with pdéyes in the absence of serum and
antibiotics followed by incubation with growth madi for 24 h. Transfection efficiency
was evaluated by measurement of iodide uptakeigcais described below.

18| uptake assay

Following transfections, iodide uptake of Neuro2dlls was determined at steady-
state conditions as described by Weaisal. (Weisset al., 1984). Results were normalized
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to cell survival measured by cell viability ass&gd below) and expressed as cpm/A 490

nm.

Cell viability assay

Cell viability was measured using the commercialailable MTS-assay (Promega
Corp., Mannheim, Germany) according to the manufacts recommendations as
described previously (Unterholznetral., 2006).

Establishment of Neuro2A tumors

Neuro2A tumors were established in syngeneic rAalanice (Harlan Winkelmann,
Borchen, Germany) by subcutaneous injection of 10% Neuro2A cells suspended in
100 ul PBS into the flank region. Animals were ntailmed under specific pathogen-free
conditions with access to mouse chow and waddrbitum. The experimental protocol was
approved by the regional governmental commission #&mimals (Regierung von

Oberbayern).

NIS genetransfer and radioiodine biodistribution studiesin vivo

Experiments started when tumors had reached artsin® of 8-10 mm after a 10-
day pretreatment with L-T4 (intraperitoneal (i.mjection of 2 ug L-T4/day (Henning,
Sanofi-Aventis, Germany) diluted in 100 pl PBS)stgppress thyroidal iodine uptake. For
systemicin vivo gene transfer polyplexes (c/p 2) were appliedth@tail vein at a DNA
dose of 2.5 mg/kg (i.e. for a 20 g mouse 250 pymlek in HBG at 200 pg/ml DNA); either
NIS containing polyplexes (G2-HD-OEI/NIS) or polggks with the control vector (G2-
HD-OEl/antisense-NIS). Two groups of mice were lesthed and treated as follows: (1)
I.v. injection of G2-HD-OEI/NIS (n=24); (2) i.v. jection of G2-HD-OEl/antisense-NIS
(control vector) (n=9). As an additional contral, a subset of mice treated with G2-HD-
OEI/NIS (n=9) the specific NIS-inhibitor sodium-paiorate (NaCl@ 2 mg/per mouse)
was injected i.p. 30 min. prior t6° administration. 24 h after polyplex applicationice
were injected i.p. with 18.5 MBq (0.5 mCi§¥ and iodide biodistribution was assessed
using a gamma camera equipped with UXHR collimgEsam, Siemens, Germany) as
described previously (Willhauost al., 2007; Willhaucket al., 2008a). Regions of interest
were quantified and expressed as a fraction ofdted amount of applied radionuclide per
gram tumor tissue. The retention time within theadu was determined by serial scanning
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after radionuclide injection, and dosimetric ca#tidns were performed according to the

concept of MIRD, with the dosis factor of RADAR-giw (www.doseinfo-radar.com).

Analysis of radioiodine biodistribution ex vivo

For ex vivo biodistribution studies, mice were injected witB-8D-OEI/NIS (n=24)
or G2-HD-OEl/antisense-NIS (n=9) as described abtmiwed by i.p. injection of
18.5 MBg'% 24 h later. A subset of NIS-transduced mice (nw8@} treated with sodium-
perchlorate prior td%3 administration as an additional control. Two, &ld2 h after?3
injection, mice were sacrificed and organs of ieserwere dissected, weighed and
radioiodide uptake was measured in a gamma co(mtsiS-transduced animals per time
point (G2-HD-OEI/NIS) and 3 mice of each contrétesults were reported as percentage of

injected dose per organ (% ID/organ).

Analysis of NIS mRNA expression using quantitative real-time PCR

Total RNA was isolated from Neuro2A tumors or othissues using the RNeasy
Mini Kit (Qiagen, Hilden, Germany) according to theanufacturer's recommendations.
Single stranded oligo (dT)-primer cDNA was genetatesing Superscript 1l Reverse
Transcriptase  (Invitrogen).  Following  primers  wereused: hNIS  (5-
TGCGGGACTTTGCAGTACATT-3) and (5-TGCAGATAATTCCGGTGACA-3),
GAPDH: (5"-GAGAAGGCTGGGGCTCATTT-3) and (5-
CAGTGGGGACACGGAAGG-3)). Quantitative real-time PCRPCR) was performed
with the cDNA from 1pg RNA using the SYBR green P@GRster mix (Quiagen) in a
Rotor Gene 6000 (Corbett Research, Morthlake, NewttS Wales, Australia). Relative
expression levels were calculated using the comiparAaAC; method and internal GAPDH

for normalization.

I mmunohistochemical analysis of NI S protein expression

Immunohistochemical staining of frozen tissue isest derived from Neuro2A
tumors after systemic gene delivery was perfornseedescribed previously (Spitzwegal .,
2007).

Radioiodine therapy study in vivo
Following a 10-day L-T4 pretreatment as descrigledve, two groups of mice were

established receiving 55.5 MBgl as a single i.p. injection 24 h after systemiplaation
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of G2-HD-OEI/NIS (n=6) or G2-HD-OEl/antisense-NI§=6), respectively. As control,
two further groups of mice were treated with salimgtead of"*1 after injection of either
G2-HD-OEI/NIS (n=6) or G2-HD-OEl/antisense-NIS (D=@& further control group was
injected with saline only (n=6). The treatment astiisg of systemic polyplex application
followed by or saline application after 24 h was repeatedeomt day three and four,
respectively. Tumor sizes were measured beforéntiesd and daily thereafter for up to four
weeks. Tumor volume was estimated using the equationor volume = length x width x
height x 0.52. Experiments were repeated twice otuwolumes are expressed as means of

12 mice per group.

I ndirect immunofluorescence assay
Indirect immunofluorescence was performed on fnozections as described
previously (Willhaucket al., 2007).

Statistical methods

All in vitro experiments were carried out in triplicates. Rissale represented as
mean +/- SD of triplicates. Statistical significangas tested using Student’s t test.
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Results

| odide uptake studiesin vitro

Transfection conditions using G2-HD-OEI/NIS wepimized in Neuro2A cells by
measurement of perchlorate-sensitive iodide upta&evity 24 h following polyplex
application (data not shown). We found an optinplratio of 2, which resulted in highest
transfection efficiency at low cytotoxicity. Thisatto was used in all subsequent
experiments. 24 h after transfection with G2-HD-MD&S, Neuro2A cells showed a 51-fold
increase in?1 accumulation as compared to cells incubated ettpty G2-HD-OEI (Fig.
1). Furthermore, no perchlorate-sensitive iodiddake above background level was
observed in cells transfected with the control @e&2-HD-OEl/antisense-NIS. Polyplex-
mediated NIS gene transfer did not alter cell \ighbas measured by MTS-assay (Fig. 1).
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Fig. 1: lodide uptake was measured in Neuro2A cells folfmyin vitro transfection with G2-HD-OEI/NIS,
control vector G2-HD-OEl/antisense-NIS, or with @D-OEI alone. Neuro2A cells transfected with G2-HD-
OEI/NIS showed a 51-fold increase in perchloratesiive **I accumulation. In contrast, no perchlorate-
sensitive iodide uptake above background level wlserved in cells transfected with control vector o
without DNA (***p <0.001).

I'n vivo radioiodine biodistribution studies

To investigate the iodide uptake activity in Ne2&otumors after systemim vivo
NIS gene transfef?¥ distribution was monitored in tumor bearing mis h after G2-HD-
OEI/DNA administration by gamma camera imaging. M/mo iodide accumulation was
detected in tumors after application of G2-HD-OBRlisense-NIS (Fig. 2C), significant
iodide uptake was observed in 85% (13 out of 15\efiro2A tumors following systemic
injection of G2-HD-OEI/NIS, in addition to physigal iodide accumulation in thyroid,
stomach and bladder (Fig. 2A). As determined byakecanning, approximately 8-13%
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ID/g **% was accumulated in NIS-transduced tumors withicdobical half-life of 13 h.
Considering a tumor mass of 1 g, an effective fif@fof 12 h for**! and a tumor absorbed
dose of 247 + 94 mGy/MBY™! were calculated (Fig. 2D). To confirm that turrddide
uptake was indeed NIS-mediated, a subset of G2-HIDNIS injected mice (n=9) received
sodium-perchlorate 30 min prior t6% administration. In all experiments a single itjen
of 2 mg sodium-perchlorate completely blocked tusmhardide accumulation in addition to
abolished physiological iodide uptake in stomacth #ayroid gland (Fig. 2B). Moreover, no
significant iodide uptake was observed in non-tacggans, including lung, liver, kidney or

spleen which confirms tumor-specificity of nanopaetmediated NIS gene delivery.
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Bladder
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Max. tumor uptake: 8-13% ID/g
T1/2 eff. ("3) :12h

tumoral lodide uptake (% ID/g)
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Fig. 2. *% gamma camera imaging of mice harbouring Neuro@mdrs 4 h following i.p. injection of
18.5 MBq ¥ after G2-HD-OEl-mediated NIS gene delivery. Whitéce treated with control vectors (G2-
HD-OEl/antisense-NIS) showed no tumoral iodide ketdC), treatment with G2-HD-OEI/NIS induced
significant tumor-specific iodide accumulation iIN02A tumors with accumulation of 8-13% ID/] (A),
which was completely abolished upon pretreatmenth ilaCIQ, (B). lodide was also accumulated
physiologically in thyroid, stomach and bladder (3,

Time course of*1 accumulation in Neuro2A tumors after systemicyptex-mediated NIS gene delivery
followed by injection of 18.5 MBd? as determined by serial scanning (D). Maximum drah radioiodine
uptake was 8-13% ID/g tumor with an average effecti,,of 12 h for®}i (D).
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Ex vivo radioiodine biodistribution studies

Ex vivo biodistribution analysis confirmed significant idd uptake in tumors
following systemic NIS gene transfer (Fig. 3). WhiNIS-transduced Neuro2A tumors
accumulated 6-8% ID/orga™ 2 hours after radioiodine injection, mock-transeld
tumors showed no significant iodide uptake. In bgtbups the thyroid gland and the
stomach accumulated approx. 40% and 39% ID/orgata (dot shown). Noteworthy, the
average tumor weight in this experiment was appnately 0.7 g. Further, a single
perchlorate injection prior to radioiodine applioat significantly blocked iodide uptake in
NIS-transduced tumors and in physiologically NI$x@ssing tissues, including thyroid and
stomach, throughout the observation period up td.1lh addition, no significant iodide
uptake above background levels was observed intarget organs, including lung, liver,
kidney or spleen confirming tumor-specific NIS geledivery (see also Fig. 2A).
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Fig. 3: Evaluation of iodide biodistributioex vivo 2, 6 and 12 hours following injection of 18.5 MBH.
While tumors in NIS-transduced mice showed highchlarate-sensitive iodide uptake activity (up t@%-
ID/organ), non-target organs revealed no significemlide accumulation. No iodide accumulation was
measured after injection of control vector. Reswise reported as percent of injected dose pematdzD.
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Analysis of NI S mRNA expression by quantitative real-time PCR analysis

In order to assess NIS mMRNA expression after BystdlIS gene transfer, mMRNA of
various tissues was extracted and analyzed by iqaiare real-time PCR (gPCR) with a
pair of NIS-specific oligonucleotide primers 24 fiea NIS gene transfer. Only a low
background level of NIS mMRNA expression was detkdteuntreated tumors or tumors
after application of G2-HD-OEl/antisense-NIS. Imtrast, a significant level of NIS gene
expression was induced in Neuro2A tumors afteresyst injection of G2-HD-OEI/NIS
(Fig. 4A). As expected, administration of the cotitpee NIS inhibitor sodium-perchlorate
had no influence on NIS mRNA expression in NIS $duced tumors. Furthermore, no
significant NIS mRNA expression above backgroundelewas detected in non-target
organs, like liver and lung after systemic applmatof G2-HD-OEI/NIS or G2-HD-
OEl/antisense-NIS (Fig. 4A).
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Fig. 4: Analysis of human NIS mRNA expression in Neuro2dnbrs and non-target organs by gPCR. A
significant level of NIS mRNA expression was inddda Neuro2A tumors after systemic NIS gene transfe
with or without sodium-perchlorate pretreatmentlyCnlow background level of NIS mRNA expressionswa
detected in untreated tumors, which was set abifray unit. Moreover, no significant NI&pression above
background level was found in tumors after appiicabf G2-HD-OEl/antisense-NIS or non-target organs
like liver and lung. Results were reported as NISPGH ratios.

Analysis of NIS protein expression in Neuro2A tumors

Immunohistochemical analysis of Neuro2A tumorsigsaa mouse monoclonal NIS-
specific antibody revealed a heterogeneous staipiaern with clusters of primarily
membrane-associated NIS-specific immunoreactivityumors after systemic application of
G2-HD-OEI/NIS (Fig. 4B, left, white arrows). In cwast, tumors treated with G2-HD-
OEl/antisense-NIS (Fig. 4B, right) or untreated ¢tusn showed no NIS-specific
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immunoreactivity. Parallel control slides with th@wimary and secondary antibodies
replaced in turn by PBS and isotype-matched nonumamimmunoglobulin were negative

(data not shown).

Fig. 4: Immunohistochemical staining of Neuro2A tumorsh?dfter G2-HD-OEI/NIS application showed
clusters of primarily membrane-associated NIS-gjmeicnmunoreactivity (left). In contrast, Neuro2Arors
treated with the control plasmid (G2-HD-OEl/antise+NIS) did not reveal NIS-specific immunoreactivit
(right). Magnification: 320x

Radioiodine therapy studies after in vivo NI S gene transfer

24 h after systemic administration of G2-HD-OEBNir G2-HD-OEl/antisense-NIS
polyplexes, a therapeutic dose of 55.5 MBq (1.5 )Mi€i or saline was injected i. p. This
cycle consisting of systemic NIS gene transfer ofw#d by radioiodine or saline
administration was repeated once on day 3 andg} BA). As an additional control, tumor
growth of mice injected with saline only was assed4$=6).

Mice treated with G2-HD-OEI/NIS or G2-HD-OEl/ardisse-NIS followed by
application of saline and mice treated with G2-HBHantisense-NIS followed by
application of** as well as saline treated mice showed an expi@ienmor growth. In
contrast, NIS-transduced (G2-HD-OEI/NIS) ahfdl-treated tumors showed a significant
delay in tumor growth (Fig. 5A). While all mice the control groups had to be killed within
two weeks after the onset of the experiments duext@ssive tumor growth, 70 % of the
mice treated with®!4 after injection of G2-HD-OEI/NIS survived apprdiaur weeks (Fig.
5B). Importantly, none of these mice showed majvease effects of radionuclide or
polyplex treatment in terms of lethargy or resmratfailure. However, a minor body
weight loss of 3-5% was observed in mice afteresygt administration of polyplexes.
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Fig 5: Radioiodine treatment of Neuro2A tumors after sgst polyplex-mediated NIS gene transifewivo.

24 h after i. v. polyplex injection (big arrow), 55MBq ¥ was injected i.p. (small arrow). This treatment
cycle was repeated once on day 3 antf*#itherapy after systemic G2-HD-OEI/NIS applicati@sulted in a
significant delay in tumor growth (A, **p<0.01) wtti was associated with markedly improved survital (
Kaplan-Meier-plot (**p<0.01)) as compared to thetol groups that were injected with saline onlythw2-
HD-OEI/NIS followed by saline application, or witB2-HD-OEl/antisense-NIS followed by saline GHi
application.

I mmunofluorescence analysis

Three to four weeks after treatment, mice wereifszed, tumors were dissected and
processed for immunofluorescence analysis. Immunodélscence analysis using a Ki67-
specific antibody (green) and an antibody againBBT (red, labeling blood vessels)
showed striking differences between NIS-transdugéd. 6A) and mock-transducéedi-
treated tumors (Fig. 6B). As compared to mock-tansed tumors (G2-HD-OEl/antisense-
NIS), NIS-transduced tumors (G2-HD-OEI/NIS) exhdoit a significantly lower

intratumoral blood vessel density and proliferatiotiex after>!i therapy.

50



Chapter 2

Fig. 6: Immunofluorescence analysis using a Ki67-spedifitibody (green) and an antibody against CD31
(red, labelling blood vessels) showed significartcreased proliferation and blood vessel dengitiliS-
transduced tumors (A) following™ treatment as compared to mock-transduced tun®ys Slides were
counterstained with DAPI nuclear stain. MagnifioatiL 00x
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Discussion

As one of the oldest and most successful tardgetsotecular imaging and therapy,
cloning and characterization of NIS has providedwith a powerful new reporter and
therapy gene, that allowed the development of anwiog cytoreductive gene therapy
strategy based on NIS gene transfer in extrathgtotdmors followed by targeted
radionuclide therapy (Spitzweg al., 2001c). Many of the characteristics of NIS, which
have been confirmed by our work to date, suggestitirepresents an ideal therapy gene
due to several advantages. NIS as a normal humaa ged protein implies that its
expression in cancer cells is unlikely to be taxido elicit a significant immune response
that could limit its efficacy. In addition, NIS genherapy is associated with a substantial
bystander effect based on the crossfire effeci@bieta-emittel*!i with a path length of up
to 2.4 mm. A bystander effect is desirable for &img of gene therapy strategy, because it
reduces the level of transduction efficiency regdifor a therapeutic response (Dirgjlal.,
2003b). In its dual role as reporter and therapgeg8llS allows direct, non-invasive
imaging of functional NIS expression B3A-scintigraphy and®41-PET-imaging, as well as
exact dosimetric calculations before proceedinth&vapeutic application df! (Spitzweg
and Morris, 2002b; Dinglet al., 2003b). Moreover, NIS is already being used cétly as
molecular basis of*Y therapy, an already approved anticancer theraphyroid cancer
with a well-understood therapeutic window and safebfile (Spitzweget al., 2001c).

The capacity of the NIS gene to induce radioiodiceumulation in non-thyroidal
tumors has been investigated in a variety of tumodels by several groups including our
own (Spitzweget al., 1999c; Spitzwegt al., 2000b; Spitzwegt al., 2001a; Dohart al.,
2003; Kakinumeet al., 2003; Cengiet al., 2005; Scholzt al., 2005; Spitzwegt al., 2007,
Willhauck et al., 2007; Willhaucket al., 2008a; Willhaucket al., 2008b). In our initial
studies in the prostate cancer model we used tistgte-specific antigen (PSA) promoter to
achieve prostate-specific iodide accumulation, Whiesulted in a significant therapeutic
effect after application of1, and alternative radionuclides such*&&e and**'At even in
the absence of iodide organification (Spitzwetgal., 1999c; Spitzweget al., 2000b;
Spitzweget al., 2003; Scholzt al., 2004; Willhaucket al., 2007; Willhaucket al., 2008a).
Taken together, our pioneer work in the prostatecea model and consecutive work in
other tumor models, such as medullary thyroid, m@ad hepatocellular cancer (Cengic
al., 2005; Scholzet al., 2005; Spitzweget al., 2007; Willhaucket al., 2008b) has

convincingly demonstrated the enormous potentiaNt8 as novel reporter and therapy
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gene. Based on our promising preliminary work dregroof-of-principle of tumor-specific
NIS gene therapy in prostate cancer including esttentoxicity studies, a first phase |
clinical trial was approved at the Mayo Clinic fiadioiodine therapy of locally recurrent
prostate cancer after local adenoviral NIS genestea (Dwyeret al., 2005b). One of the
major hurdles on the way to efficient and safe igptibn of the NIS gene therapy concept
in the clinical setting, in particular in metastatiisease, is optimal tumor-specific targeting
in the presence of low toxicity and high transduttefficiency of gene delivery vectors,
with the ultimate goal of systemic vector applioatiOnly a limited number of studies have
investigated systemic NIS gene delivery approachth the aim of NIS-targeted
radionuclide therapy of metastatic disease. An pticaneasles virus encoding human NIS
was applied systemically in a multiple myeloma neousodel and allowed to enhance the
oncolytic potency of the virus aftét'l application (Dingliet al., 2004). In a more recent
study, an oncolytic vesicular stomatitis virus wiesigned to express NIS to be able to
monitor virus replication by? scintigraphic imaging in addition to stimulatiaf the
oncolytic potency by the combination witHl therapy, which was successfully investigated
in a multiple myeloma mouse model after systemisiotdar stomatitis virus application
(Goelet al., 2007).

In the current study we have utilized a non-vgehe delivery system for tumor-
targeted NIS gene transfer in the neuroblastomasmanodel Neuro2A. The syngeneic
Neuro2A mouse model develops well vascularized msmath leaky vasculature thereby
allowing intratumoral accumulation of polyplexestwsubsequent diffusion from the blood
vessel into the tumor tissue (Smrelaral., 2003). Similar effects were observed with
hepatoma models like the human xenografts HepG2 Huid7, while other xenograft
models such as the A549 lung carcinoma model vem® $usceptible to polyplex-mediated
gene delivery (Smrekagt al., 2003). Branched polycations based on oligoettiylee
(OEl)-grafted polypropylenimine dendrimers (G2-HIEKp have recently been
characterized as biodegradable synthetic gene edgliwectors with highin vivo
transduction efficiency and remarkable intrinsientu affinity in the presence of low
toxicity (Russet al., 2008a). G2-HD-OEI complexed with the human NISNéDunder the
control of the unspecific CMV promoter revealed higgansfection efficiencyn vitro
resulting in a 51-fold increase in iodide uptakeivaty in Neuro2A cells at an optimal
polymer to plasmid w/w ratio of 2 that provided Iégt transfection efficiency at low
cytotoxicity. Following systemic application of Ni®njugated G2-HD-OEI via the tail

vein in vivo, 85% of Neuro2A tumors in a syngeneic mouse mebeived tumor-specific
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123 accumulation with approximately 8-13 % ID/g, albigical half-life of 13 h and a
calculated effective half-life of 12 h fol*4. In contrast, mice pretreated with the
competitive NIS-inhibitor sodium-perchlorate or mimjected with control vectors showed
no tumoral iodide uptake, confirming that the oliedrradioiodine accumulation in the
tumors was mediated by functional NIS expressionest data are consistent with a
recently published study by Chishoknal., demonstrating tumor-specific targeting of NIS
in various xenograft tumor mouse models by nanoGSHEomputer tomography imaging
of radioiodine biodistribution using polypropylerime dendrimers for systemic NIS gene
delivery (Chisholnet al., 2009).

In addition, in our studin vivo %3 scintigraphic imaging studies were confirmed by
ex vivo biodistribution experiments revealing significanmoral radioiodine accumulation,
while no iodide uptake was measured in non targgares, like lung, liver, spleen or
kidneys. Tumoral NIS expression was further condidnby real time g-PCR as well as NIS-
specific immunoreactivity, which was primarily merabe-associated and occured in
clusters. The patchy staining pattern nicely catesd with experiments using PEIl-based
polyplexes carrying the beta-galactosidase repayégre, in which a heterogeneous and
patchy distribution of transgene activity in transdd tumors was observed (Kircheisl.,
2001b). These data are also consistent with prelyaeported studies using luciferase as
reporter gene for the evaluation of transductiditiehcy and tumor specificity of various
oligoethylenimine acrylate ester-based pseudodends including G2-HD-OEI. After
systemic polyplex application high luciferase atyiwas found selectively in tumor tissue,
while no significant expression was detected in-tawget organs concomitant with absent
or low toxicity (Russet al., 2008a; Russt al., 2008). In contrast, when standard LPEI were
used as gene delivery vectors, high luciferasevificivas observed in the lung and acute or
long-term toxic effects were observed (Goefal., 1998; Cholleet al., 2002; Rust al.,
2008). In our study, even after repeated injectib®2-HD-OEI followed by administration
of Y% no major side effects occured. Data from previsusglies suggest that polyplexes
formed with branched structures like G2-HD-OEI @b show pronounced aggregation with
erythrocytes that usually results in high transgempression in the first vascular bed
encountered, namely the lung. Consequently sucynpk are able to deliver the nucleic
acid payload toward the tumor site, most probahlg tb passive tumor targeting, that
occurs due to the imperfect and leaky tumor vasetdacombined with an inadequate
lymphatic drainage (Maeda, 2001).
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In our mouse studi€$’ uptake of 40 % ID was detected in the thyroichgland 39
% ID in the stomach 2h aftéfd injection, resulting from endogenous NIS expressin
thyroid and stomach, which has been described bgrak groups including our own
(Spitzweg and Morris, 2002b). However, in the cotrstudy,*® uptake in the stomach
was significantly higher than that expected in hospavhich may be the result of increased
NIS expression in the murine gastric mucosa and al&y be caused by pooling of gastric
juices as mice were anaesthetized for prolongegéor serial imaging. In addition, due
to exquisite regulation of thyroidal NIS expressmnTSH,*?% accumulation in the thyroid
gland can effectively be down regulated by thydeadmone treatment as shown in humans
(Wapniret al., 2004).

Most importantly, systemic polyplex-mediated NI&ng transfer resulted in tumor-
specific iodide uptake activity in Neuro2A tumorab@g mice which was sufficiently high
for a significant therapeutic effect bf1. After two cycles of systemic polyplex applicatio
followed by **!1 injection tumor-bearing mice showed a significdetay of tumor growth
associated with a significantly prolonged survilaladdition, immunofluorescence analysis
showed markedly reduced proliferation associateth \decreased blood vessels density
inside and surrounding the tumor after systemicyglek-mediated NIS gene transfer
followed by **Yi application, suggesting radiation-induced tumtprea cell damage in
addition to tumor cell death. The crossfire effett®!i with a maximum path length of up
to 2.4 mm might be responsible for stromal cell dgeleading to reduced angiogenesis
and secretion of growth-stimulatory factors, thgrebhancing therapeutic efficacy.

Following polyplex-mediated systemic NIS gene daly, therapeutic efficacy of
NIS-targeted radionuclide therapy could be furtsinulated by application of alternative
radionuclides, such as the beta-emitt8Re or the alpha-emittéft’At. Both are known to
be also transported by NIS, but offer the poss$ibdf higher energy deposition in a shorter
time period due to their higher energy and shdntdf-lifes. This has convincingly been
demonstrated by several groups, including our otmdiss in the prostate cancer model
described above (Dadachoeial., 2002; Petriclet al., 2006). In view of the patchy and
heterogeneous expression pattern of NIS proteinresgpn after polyplex-mediated
systemic NIS gene transféf®Re might be a promising alternative radionuclide ¢ the
longer path length of the beta particles (meaneahd mm, maximum range 10.4 mm) and
therefore superior crossfire effect, which willdddressed in future studies.

Moreover, tumor-specific targeting could be entahdy coupling of tumor-

targeting ligands, such as the serum glycoprotammsterrin (Tf) or epidermal growth factor
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(EGF) (Kircheiset al., 2001a; De Bruiret al., 2007), and further optimized by application
of tumor-specific promoters as shown in our earerk (Spitzweget al., 1999c; Spitzweg
et al., 2000b; Kakinumaet al., 2003; Cengiet al., 2005; Scholzt al., 2005; Spitzweggt
al., 2007; Willhaucket al., 2008b).

In conclusion, our data clearly demonstrate thghhpotential of branched
polycations based on oligoethylenimine (OEI)-grafigolypropylenimine dendrimers for
tumor-specific delivery of the NIS gene after systeapplication. Based on the role of NIS
as a potent and well characterized reporter getmwialy non-invasive imaging of
functional NIS expression by*3-scintigraphy and®4-PET imaging, this study allowed
detailed characterization oh vivo biodistribution of polyplex-mediated functional $iI
expression by gamma camera imaging, which is a@néss prerequisite for exact planning
and monitoring of clinical gene therapy trials witite aim of individualization of the NIS
gene therapy concept in the clinical setting. Tuspecific iodide accumulation was further
demonstrated to be sufficiently high for a sigrafit delay of tumor growth associated with
increased survival in syngeneic mice bearing ndastma tumors after two cycles of NIS-
polyplex application followed by>! therapy. This study therefore opens the exciting
prospect of NIS-targeted radionuclide therapy ofastatic cancer using polyplexes based

on biodegradable polymers for systemic NIS geneelsl.
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4. Chapter 3

| mage-guided tumor-selective radioiodine
therapy of liver cancer following systemic
non-viral delivery of the sodium iodide

symporter gene

58



Chapter 3

Abstract

We evaluated the therapeutic concept of tumor-8e&ecradioiodine therapy
following systemic nonviral delivery of the sodiumdide symporter (NIS) gene in a
clinically important tumor model of human hepatdder cancer (HCC). Incubation with
synthetic gene delivery vectors (polyplexes), inickha NIS expressing plasmid was
condensed with pseudodendritic oligoamines (G2-HE-@olymer), resulted in a 44-fold
increase of perchlorate-sensitive iodide uptakel@C cellsin vitro as compared to mock-
transduced cells. Polyplexes were injected vigdlerein in a HCC xenograft mouse model
followed by analysis of radioiodine distributiortexrfi.p. injection of-* usingy-camera or
SPECT-CT imaging. After systemic NIS gene delivel@C tumors accumulated 6 - 11%
ID/g % with an effective half-life of 10 h fd#1 resulting in a tumor absorbed dose of 281
mGy/MBq, while tumors transduced with control vestshowed no iodide uptake. After 2
cycles of polymer application followed bY' application, a significant delay in tumor
growth was observed associated with markedly imgulcaurvival.

These results clearly demonstrate that systemicgdite transfer using novel biodegradable
non-viral gene carriers is capable of inducing teitaogeted radioiodine uptake in a liver
cancer model, which therefore represents a progisimovative strategy for NIS-mediated
radioiodine therapy of advanced HCC.
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I ntroduction

Hepatocellular carcinoma (HCC) is the fifth mostretoon cancer worldwide and
third most common cause of cancer mortality (Shatiél., 2009). Due to limited response
to conventional chemo- or radiotherapy, surgergluding partial hepatectomy or liver
transplantation, is currently the only potentiallyrative therapy available for patients with
resectable disease. Despite a variety of altemdtierapeutic options, including locally
ablative therapies, such as radiofrequency thembédtion and chemoembolization, the
prognosis for advanced HCC has remained poor. Tihuaddition to novel strategies for
early diagnosis, new therapeutic strategies havéetoexplored, such as multikinase
inhibitors, immunotherapy, as well as gene thel&wsrolamiet al., 2003).

In order to investigate an innovative, alternatilverapeutic approach, in an earlier
study we examined the feasibility b1 therapy of HCC following stable transfection with
the sodium iodide symporter (NIS) using a mousehadietoprotein (AFP) promoter
construct to target NIS expression to HCC cells liMduck et al., 2008b). NIS is a
transmemebrane glycoprotein that mediates the epiflodide into thyroid follicular cells
(Dai et al., 1996; Smanilet al., 1996). The presence of NIS at the basolateral bbreme of
thyroid follicular cells has been exploited for nigarears for diagnostic imaging purposes as
well as for ablative therapy of differentiated tbigr cancer using radioactive iodid€™).
This non-invasive therapy has proven to be a sadecffective treatment for thyroid cancer,
even in advanced metastatic disease (Van NostraddWartofsky, 2007). In order to
extend the use of NIS-mediated radioiodine therapyther types of cancer, we have
proven the feasibility of extrathyroidal radioioditherapy after induction of iodide uptake
by ex vivo NIS transfection or local adenovirah vivo NIS gene transfer using tissue-
specific promoters, such as the prostate-specifitigen (PSA) promoter, the
carcinoembryonic antigen (CEA) promoter and theit@iin promoter to specifically target
NIS expression to prostate, colon and medullarydiycancer, respectively (Spitzwet
al., 1999c; Spitzwegt al., 2000b; Spitzwegt al., 2001a; Cengiet al., 2005; Scholzt al.,
2005; Spitzwegt al., 2007; Willhaucket al., 2007; Willhaucket al., 2008a). In the liver
cancer model we applied the AFP promoter for HCEesjz delivery of the NIS gene and
demonstrated tumor-specific iodide uptake actitfitt allowed a therapeutic effect tfi
in a HCC xenograft mouse model (Willhauwtkal., 2008b).

After the proof of principle of the NIS gene theyagoncept in liver cancer in our
study outlined above and by other investigatorsratttroviral or local/regional adenoviral
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NIS gene delivery (Faivret al., 2004; Chenret al., 2006; Herveet al., 2008), the next
crucial step towards clinical application has tothe evaluation of gene delivery vehicles
that allow tumor-selective transgene expressiorthemn presence of a sufficiently high
transduction efficiency after systemic applicattonbe able to reach disseminated tumor
manifestations. In the evaluation of systemic ajgion of gene delivery vectors, the dual
function of NIS as therapy and reporter gene prwidhe advantage of detailed
characterization and direct monitoring @f vivo vector biodistribution as well as
localization, level and duration of transgene eggpi@, which have been recognized as
critical elements in the design of clinical genertpy trials (Spitzweg and Morris, 2002b;
Dingli et al., 2003b; Barilet al., 2010). Several research groups, including our bewe
demonstrated the potential of NIS as reporter genarious applications, showing that
vivo imaging of radioiodine accumulation B§3- or **™Tc-scintigraphy as well a¥3-
SPECT-CT fusion of*4-PET imaging correlates well with the resultsexfvivo gamma
counter measurements as well as NIS mRNA and prai@alysis. In addition, SPECT-CT
imaging using'® provides significant advantages for exact loalon and quantitative
analysis of NIS-mediated radioiodine accumulatiome dto enhanced resolution and
sensitivity (Spitzweget al., 1999c; Spitzwegt al., 2000b; Spitzwegt al., 2001a; Dingliet
al., 2003b; Groot-Wassinét al., 2004; Dwyeret al., 2005a; Blechacet al., 2006; Carlson
et al., 2006; Goekt al., 2007; Merroret al., 2007; Spitzwegt al., 2007; Willhaucket al.,
2007; Willhaucket al., 2008a; Willhauclet al., 2008b; Willhaucket al., 2008c; Carlsort
al., 2009; Klutzet al., 2009; Barilet al., 2010; Liet al., 2010; Penheiteet al., 2010;
Trujillo et al., 2010; Watanabet al., 2010)

With the aim of systemic delivery of therapeutiage, we have developed a series
of biodegradable synthetic vectors based on loweouhr weight polycations crosslinked
eithervia ester or disulfide bonds (Kloecknetral., 2006b; Rus&t al., 2008a; Russt al.,
2008), demonstrating very promising toxicity pre$il and similar or even superior
transfection efficiency in comparison with LPEIn@iar polyethylenimine), the golden
standard of PEl-based gene carriers (Retssl., 2008). In a recent study, we have
demonstrated the high potential of synthetic, bgpddable polymeric vectors based on
pseudodendritic oligoethylenimine (OEI)-grafted ypwbpylenimine dendrimers (G2-HD-
OEI) with high intrinsic tumor affinity for tumorggcific delivery of the NIS gene. After
intravenous application of NIS-conjugated polypkexe a syngeneic neuroblastoma mouse

model NIS-mediated radioiodine accumulation wasniyarestricted to the tumor and
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sufficiently high for a significant delay of tumgrowth associated with improved survival
(Klutz et al., 2009).

Here we apply this concept of NIS gene deliveryhvbiodegradable OEI-grafted
polypropylenimine dendrimers in a human HCC xenfogreouse model. Based on its dual
function as reporter and therapy gene, NIS was @sedon-invasive imaging of vector
biodistribution by**3-scintigraphy and*3-single photon emission computed tomography-
computed tomography (SPECT-CT) imaging followed &gsessment of the therapy
response after application Gfl.
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M aterials and M ethods

Cell culture

The human hepatoma cell line (HuH7, JCRB 0403) watured in DMEM/F12
medium (Invitrogen Life Technologies Inc., KarlseyifGermany) supplemented with 10%
fetal bovine serum (v/v) (PAA; Colbe, Germany), S%glutamine (Invitrogen Life
Technologies Inc.) and 1% penicillin/streptomydiiells were maintained at 37°C and 5%
CQO, in an incubator with 95% humidity. The cell cukumedium was replaced every other

day and cells were passaged at 85% confluency.

Plasmids and polymers
The expression vector CMV-NIS-pcDNA3 (pCMV-NIS)rtaining the full-length
NIS cDNA coupled to the CMV promoter was kindly picied by Dr. S. M. Jhiang, Ohio
State Univesity, Columbus, OH, USA. As a controlSNDNA was removed usingcoRI
and re-ligated into the same expression vectoniisense direction (pCMV-antisense-NIS).
G2-HD-OEI was synthesized as described previo(Rlisset al., 2008a) and used
as a 5 mg/ml stock solution.

Polyplex formation

Plasmid DNA was condensed with polymers at inédatonjugate/plasmid (c/p) -
ratios (w/w) in HEPES buffered glucose (HBG: 20 riiAPES, 5% glucose (w/v), pH 7.4)
and incubated at room temperature for 20 min. goouse as described previously (Russ,
2008). Final DNA concentrations of polyplexes ifiovitro studies were 4 pg/ml, fon vivo

studies 200 pg/ml.

Transient transfection

For in vitro transfection experiments, HuH7 cells were grown6® - 80%
confluency. Cells were incubated for 4 h with pdéyes in the absence of serum and
antibiotics followed by incubation with growth madi for 24 h. Transfection efficiency

was evaluated by measurement of iodide uptakeigctis described below.
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12| yptake assay
Following transfections, iodide uptake of HuH7Iselas determined at steady-state
conditions as described previously (Spitzveegl., 1999c). Results were normalized to cell

survival measured by cell viability assay (see W¢land expressed as cpm/A490 nm.

Cdll viability assay

Cell viability was measured using the commercialgilable MTS-assay (Promega
Corp., Mannheim, Germany) according to the manufacts recommendations as
described previously (Willhauddt al., 2007).

Establishment of HUH7 xenografts

HuH7 xenografts were established in female CD-Inuumice (Charles River,
Sulzfeld, Germany) by subcutaneous injection of B0k HuH7 cells suspended in 100 pl
PBS into the flank region. Animals were maintaineder specific pathogen-free conditions
with access to mouse chow and waédibitum. The experimental protocol was approved

by the regional governmental commission for aninf@isgierung von Oberbayern).

NIS genetransfer and radiodine biodistribution studiesin vivo

Experiments started when tumors had reached artsiz® of 8 - 10 mm and after a
10-day pretreatment with L-T4 (I-thyroxine, Hennif@anofi-Aventis, Frankfurt, Germany)
(5 mg/l) in their drinking water to maximize radvine uptake in the tumor and reduce
iodide uptake by the thyroid gland. For systemmac/ivo gene transfer polyplexes (c/p 2)
were applied via the tail vein at a DNA dose of th§/kg (i.e. for a 20 g mouse 250 pl
polyplex in HBG at 200 pg/ml DNA), either NIS coimiag polyplexes (G2-HD-OEI/NIS)
or polyplexes with the control vector (G2-HD-OElfigense-NIS). Two groups of mice
were established and treated as follows: (1) mjection of G2-HD-OEI/NIS (n=24); (2) i.v.
injection of G2-HD-OEIl/antisense-NIS (control vegtgn=9). As an additional control, in
mice treated with G2-HD-OEI/NIS (n=9) the specifidS-inhibitor sodium-perchlorate
(NaClO,, 2 mg/per mouse) was injected i.p. 30 min. priot*fl administration. 24 h after
polyplex application, mice were injected i.p. witB.5 MBq (0.5 mCi)*}, and radioiodine
biodistribution was monitored by serial imaging angamma camera (Ecam, Siemens,
Germany) equipped with a UXHR (Ultra Extra High Blesion) collimator %) as
described previously (Willhauckt al., 2007). Regions of interest were quantified and
expressed as a fraction of the total amount ofiegyphdioiodine per gram tumor tissue. The
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retention time within the tumor was determined leriad scanning after radioiodine
injection, and dosimetric calculations were perfedraccording to the concept of MIRD,

with the dosis factor of RADAR-group (www.doseinfadar.con

SPECT-CT imaging

For SPECT-CT imaging the same groups of mice weepared as outlined above
and 24 h after polyplex application. Mice were atggl i.p. with 50 MBq (1. 35 mCiy,
followed by monitoring of radioiodine biodistriboti by serial imaging (1, 3, 5 h aftéf]
application) on a NanoSPECT/CT (Mediso Ltd., Hugya€T scans were taken covering
the same FOV as the SPECT scans. Total scan timéetaeen 30 and 40 minutes, with
48 projections and a scan time of 20 seconds gegiion in the case of the SPECT scans.

The SPECT component of the NanoSPECT/CT uses dctdet heads, each
comprising a Nal(Tl) crystal with a size of 262 mm255 mm x 6.35 mm. It gives an axial
field of view of 20 mm and, with the medium-resaunt aperture/collimator (9 pinholes per
head) that was used in this study, has a spatslugon of about 1.2 mm. The CT
component employs a continuously operating minetomicro focus x-ray tube with a
maximum anode current of less than 0.2 mA. Thectletdas an active area of 98.6 mm x
49.2 mm and consists of 1024 x 2048 pixels. It ples an axial field of view of 45 mm and

a maximum spatial resolution of 48 microns.

Analysis of radioiodine biodistribution ex vivo

For ex vivo biodistribution studies, mice were injected witR-8D-OEI/NIS (n =
24) or G2-HD-OEl/antisense-NIS (n = 9) as describbdve followed by i.p. injection of
18.5 MBq *?1 24 h later. A subgroup of NIS-transduced mice=(19) was treated with
sodium-perchlorate prior t# administration as an additional control. Two, dal2 h
after '3 injection, mice were sacrificed and tumors aslvesl organs of interest were
dissected, weighed and radioiodine uptake was me@dsising a gamma counter (5 NIS-
transduced animals per time point (G2-HD-OEI/NIS) & mice of each control). Results

were reported as percentage of injected dose gandfo ID/organ).
Analysis of NIS mRNA expression using quantitative real-time PCR

Total RNA was isolated from HuH7 tumors or othssuies using the RNAeasy Mini

Kit (Qiagen, Hilden, Germany) according to the mnfacturer's recommendations and
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guantitative real-time PCR (qPCR) was performediescribed previously (Klutet al.,
2009).
I mmunohistochemical analysis of NI S protein expression

Immunohistochemical staining of frozen tissue isest derived from HuH7 tumors
after systemic NIS gene delivery was performed gissnmouse monoclonal antibody
directed against amino acid residues 468-643 ofamuMIS (kindly provided by John C.
Morris, Mayo Clinic, Rochester, MN, USA) as desedlpreviously (Spitzweg al., 2007)

Radioiodine therapy study in vivo

Following a 10-day L-T4 pretreatment as descrigledve, two groups of mice were
established receiving 55.5 MBgl as a single i.p. injection 24 h after systemiplaation
of G2-HD-OEI/NIS (n = 6) or G2-HD-OEl/antisense-N($ = 6), respectively. As control,
two further groups of mice were treated with salimgtead of**!I after injection of either
G2-HD-OEI/NIS (n = 6) or G2-HD-OEl/antisense-NIS%£r6). An additional control group
was treated with saline only (n = 6). The treatmeansisting of systemic polyplex
application followed by or saline application after 24 h was repeateceantdays seven
and eight. Tumor sizes were measured before treditarel daily thereafter for up to 30
days. Tumor volume was estimated using the equatiionor volume = length x width x
height x 0.52.

I ndirect immunofluorescence assay

Indirect immunofluorescence staining was perfornoedfrozen tissues using an
antibody against human Ki67 (Abcam, Cambridge, WKyl an antibody against mouse
CD31 (BD, Pharmingen, New Jersey, USA) as descrifrediously (Willhaucket al.,
2007).

Statistical methods

All in vitro experiments were carried out in triplicates. Rissate represented as

mean +/- SD of triplicates. Statistical significangas tested using Student’s t test.
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Results

| odide uptake studiesin vitro

Transfection conditions using G2-HD-OEI/NIS wengtimized in HuH7 cells by
measurement of perchlorate-sensitive iodide upta&gvity 24 h following polyplex
application (data not shown). We found an optinplratio of 2, which resulted in highest
transfection efficiency at low cytotoxicity. Thisatto was used in all subsequent
experiments. 24 h after transfection with G2-HD-O&S, HuH7 cells showed a 44-fold
increase in*1 accumulation as compared to cells incubated eitipty G2-HD-OE|I (Fig.
1). Furthermore, no perchlorate-sensitive iodiddakg above background levels was
observed in cells transfected with the control ¥e&2-HD-OEl/antisense-NIS. Polyplex-

mediated NIS gene transfer did not alter cell \igbas measured by MTS-assay (Fig. 1).
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Fig. 1: lodide uptake was measured in HuH7 cells followingvitro transfection with G2-HD-OEI/NIS,
control vector G2-HD-OEl/antisense-NIS, or with &D-OEI alone. HuH7 cells transfected with G2-HD-
OEI/NIS showed a 44-fold increase in perchloratsiive 1 accumulation. In contrast, no perchlorate-
sensitive iodide uptake above background level wlserved in cells transfected with control vector o
without DNA (***p <0.001).

I'n vivo radioiodine biodistribution studies

To investigate the iodide uptake activity in Hukignografts after systemia vivo
NIS gene transfef?¥ distribution was monitored in tumor bearing mis h after G2-HD-
OEI/DNA administration by gamma camera imaging. M/mo radioiodine accumulation
was detected in tumors after application of G2-HBHantisense-NIS (Fig. 2C), significant
radioiodine uptake was observed in 80% (12 outsypfaf HUH7 tumors following systemic
injection of G2-HD-OEI/NIS (Fig. 2A), in additionot physiological radioiodine
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accumulation in thyroid, stomach and bladder (2., C). As determined by serial
scanning, 6 - 11% ID/g™ (percentage of the injected dose per gram turissué) was
accumulated in NIS-transduced xenograft tumors wattbiological half-life of 11 h.
Considering a tumor mass of 1 g and an effectiVilifeof 10 h for**!, a tumor-absorbed
dose of 281 mGy/MBd*!i was calculated (Fig. 2D). To confirm that tumoratiioiodine
uptake was indeed NIS-mediated, a subset of G2-HDMNIS injected mice (n = 9)
received sodium-perchlorate 30 min prior to radioie administration. In all experiments a
single injection of 2 mg sodium-perchlorate comgllet blocked tumoral radioiodine
accumulation in addition to abolished physiologiralide uptake in stomach and thyroid
gland (Fig. 2B). Moreover, no significant radioindi uptake was observed in non-target
organs, including lungs, liver, kidney or spleenhiatr confirms tumor-specificity of

nanoparticle-mediated NIS gene delivery.
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Fig. 2: 1 scans of nude mice harbouring HUH7 tumors 4 lovdhg i.p. injection of 18.5 MB4* after G2-
HD-OEI-mediated NIS gene delivery (A). While miaedted with control vectors (G2-HD-OEl/antisense-
NIS) showed no tumoral radioiodine uptake (C), tremt with G2-HD-OEI/NIS induced significant tumor-
specific iodide accumulation in HuH7 tumors withcamulation of 6 - 11% ID/d* (A), which was
completely abolished upon pretreatment with NaGB). Radioiodine was also accumulated physioldtica
in thyroid, stomach and bladder (A, C).

Time course of'*1 accumulation in HUH7 tumors after systemic podypmediated NIS gene delivery
followed by injection of 18.5 MB4™ as determined by serial scanning usifigscintigraphy (D). Maximum
tumoral radioiodine uptake was 6 - 11% ID/g ¥6t with an average effective,5of 10 h for'*!.
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In a subset of mice, radioiodine biodistribution swalso monitored using®
SPECT-CT imaging after i.p. injection of 50 MB&! (Fig. 3). Tumor-selective iodide
accumulation was confirmed following systemic G2-@EI/NIS application (Fig. 3A, B).
SPECT-CT imaging allowed a more detailed three-dsimal analysis of tumoral iodide
accumulation revealing inhomogeneous iodide accatiom appearing as clusters of iodide
uptake throughout the tumor. A maximum tumoral deduptake of approximately 7% ID/g
was measured in mice after systemic applicatio®®fHD-OEI/NIS, as compared to the
control groups injected with the control polyplex@2-HD-OEl/antisense-NIS (2.5% 1D/g)
or after application of sodium-perchlorate (3.2%dFig. 3C).

In addition to tumoral iodide uptake, significaradioiodine accumulation was
observed in tissues physiologically expressing Ni§luding stomach and thyroid. In this
context it is important to mention that the uptakehe stomach appears to be higher than
usually seen in humans, which is most probably ttuénigher levels of NIS protein
expression in murine gastric mucosa and poolinggstric juices due to the anesthesia for a
prolonged period during imaging procedure. In addijt due to exquisite regulation of
thyroidal NIS expression by TSH accumulation in the thyroid gland can effectively
downregulated in patients by thyroid hormone pegtreent (Wapniet al., 2004).

. Thyroid

-

‘Stomach

=+ G2-HD-OEINIS
—e— G2-HD-OEI/NIS + NaClO,
—+— G2-HD-OEl/antisense-NIS

(o)

o

I

Bladder ‘

N

lodide uptake (% ID/g)

Time (hours)

Fig. 3: ® SPECT/CT scan of tumor bearing nude mice aftstesyic NIS gene transfer 5 h following i.p.
injection of 50 MBg'?3. Planar (A) and transversal (B) slides indicatmor specific iodide accumulation.

Time course of tumoral iodide accumulation 1, 3 &t p.i. as determined by SPECT-CT scans (C). A
maximum radioiodine uptake of 7% ID/g tumor was sugad.
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Ex vivo radioiodine biodistribution studies

Ex vivo biodistribution analysis confirmed significant idd uptake in tumors
following systemic NIS gene transfer (Fig. 4A-C).hilé NIS-transduced HuH7 tumors
accumulated 6.6% ID/orgaf?d 2 hours after radioiodine injection, mock-transeld
tumors showed no significant radioiodine uptakebdth groups the thyroid gland and the
stomach accumulated approx. 41% and 38% ID/orgata (dot shown). Noteworthy, the
average tumor weight in this experiment was appnaxely 0.9 g. Further, a single
perchlorate injection prior to radioiodine applioat significantly blocked iodide uptake in
NIS-transduced tumors and in physiologically NI$#@ssing tissues, including thyroid and
stomach, throughout the observation period up tohl2in addition, no significant
radioiodine uptake above background levels wasrgbdein non-target organs, including
lung, liver, kidney or spleen confirming tumor-sgety of G2-HD-OEI (see also Fig. 2A,
3A).
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Fig. 4: Evaluation of iodide biodistributioax vivo 2, 6 and 12 hours following injection of 18.5 MBH.
While tumors in NIS-transduced mice showed highcplerate-sensitive iodide uptake activity (up t@-4.
8.5% ID/organ), non-target organs revealed no faamt radioiodine accumulation. No radioiodine
accumulation was measured after injection of cdmteotors. Results were reported as percent otiegedose
per organ = SD.
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Analysis of NIS mRNA expression by quantitative real-time PCR analysis

In order to assess NIS mMRNA expression after BystdlIS gene transfer, mMRNA of
various tissues was extracted and analyzed by iqaiare real-time PCR (gPCR) with a
pair of NIS-specific oligonucleotide primers 24 ftea NIS gene transfer (Fig. 5A). Only a
low background level of NIS mRNA expression wasedetd in untreated tumors or tumors
after application of G2-HD-OEl/antisense-NIS. Imtrast, a significant level of NIS gene
expression was induced in HUH7 tumors after systémection of G2-HD-OEI/NIS. As
expected, administration of the competitive NIS ilator sodium-perchlorate had no
influence on NIS mMRNA expression in NIS-transdut@dors. Furthermore, no significant
NIS mRNA expression above background levels wasatletl in non-target organs, like

liver and lung after systemic application of G2-KIEI/NIS or G2-HD-OEl/antisense-NIS.
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Fig. 5: Analysis of human NIS mRNA expression in HuH7 tusm@and non-target organs by qPCR. A
significant level of NIS mRNA expression was inddde HuH7 tumors after systemic NIS gene transfiéh w
or without sodium-perchlorate pretreatment. Onljow background level of NIS mRNA expression was
detected in untreated tumors, which was set abifraty unit. Moreover, no significant NIS expressiabove
background level was found in tumors after appilicadf G2-HD-OEl/antisense-NIS, or in non-targeganms,
like liver and lung. Results were reported as NISPGH ratios.

Analysis of NI S protein expression in HuH7 xenografts

Immunohistochemical analysis of HUH7 tumors usangnouse monoclonal NIS-
specific antibody revealed a heterogeneous staipiaigern with clusters of primarily
membrane-associated NIS-specific immunoreactivityuymors after systemic application of
G2-HD-OEI/NIS (Fig. 5B, arrows). In contrast, turadreated with G2-HD-OEl/antisense-
NIS (Fig. 5C) or untreated tumors (not shown) shibwe NIS-specific immunoreactivity.
Parallel control slides with the primary and se@mydantibodies replaced in turn by PBS

and isotype-matched non immune immunoglobulin vmexgative (data not shown).
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Fig. 5: Immunohistochemical staining of HuH7 tumors 24 fleraG2-HD-OEI/NIS application showed
clusters of primarily membrane-associated NIS-djgedginmunoreactivity (B, arrows). In contrast, HUH7
tumors treated with the control plasmid (G2-HD-Gigtisense-arrows) did not reveal NIS-specific

immunoreactivity (C). Magnification: 200x

Radioiodine therapy studies after in vivo NI S gene transfer

24 h after systemic administration of G2-HD-OEBNdr G2-HD-OEl/antisense-NIS
polyplexes, a therapeutic dose of 55.5 MBq (1.5 M&iwas injected i.p. As control saline
was injected instead of radioiodine. This cycle sisting of systemic NIS gene transfer
followed by radioiodine or saline administrationsm&peated once on days 7/8 (Fig. 6A).
As an additional control, tumor growth of mice ictied with saline only was assessed.

Mice treated with G2-HD-OEI/NIS or G2-HD-OEl/ardisse-NIS followed by
application of saline and mice treated with G2-HBHantisense-NIS followed by
application of**l as well as saline treated mice showed an expi@id@nmor growth. In
contrast, NIS-transduced (G2-HD-OEI/NIS) ahfdl-treated tumors showed a significant
delay in tumor growth (Fig. 6A). While all mice ihe control groups had to be killed within
two weeks after the onset of the experiments dusxtessive tumor growth, 100% of the
mice treated witHY after injection of G2-HD-OEI/NIS survived approthree weeks and
50% survived up to four weeks (Fig. 6B). Importgntione of these mice showed major
adverse effects of radionuclide or polyplex treattmi& terms of lethargy or respiratory
failure. However, a minor body weight loss of 3 ¥bwas observed in mice after systemic
administration of polyplexes.
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Fig. 6: Radioiodine treatment of HUH7 tumors after systepalyplex-mediated NIS gene transienivo. 24

h after i. v. polyplex injection (big arrow), 55MBq 1, or saline was injected i.p. (small arrow). This
treatment cycle was repeated once on days 7 afl 8herapy after systemic G2-HD-OEI/NIS application
resulted in a significant delay in tumor growth (#p<0.01) which was associated with markedly imged
survival (B, Kaplan-Meier-plot (**p<0.01)) as comea to the control groups that were injected wahng
only, wi:glGZ-HD—OEI/NIS followed by saline appliten, or with G2-HD-OEIl/antisense-NIS followed by
saline or 1.

I mmunofluorescence analysis

Three to four weeks after treatment, mice wereifs@ed, tumors were dissected
and processed for immunofluorescence analysis. Imoflubrescence analysis using a
Ki67-specific antibody (green) and an antibody agaiCD31 (red, labeling blood vessels)
showed striking differences between NIS-transdugéd. 7A) and mock-transducéedi-
treated tumors (Fig. 7B). As compared to mock-taeed tumors (G2-HD-OEl/antisense-
NIS), NIS-transduced tumors (G2-HD-OEI/NIS) exhdoit a significantly lower

intratumoral blood vessel density and proliferatiotiex after>Yi therapy.
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Fig. 7. Immunofluorescence analysis using a Ki67-sped@ifitibody (green) and an antibody against CD31
(red, labelling blood vessels) showed significartbcreased proliferation and blood vessel dengitilIiS-
transduced tumors (A) following®!i treatment as compared to mock-transduced tun®)s Slides were
counterstained with DAPI nuclear stain. Magnifioatil00x
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Discussion

In the present study we investigated the efficatgynthetic nanoparticle vectors
(G2-HD-OEI) to achieve tumor-selective NIS-mediatadioiodine accumulation in a HCC
mouse model. After confirmation of high transduetefficiencyin vitro, i.v. application of
NIS-conjugated G2-HD-OEI in nude mice carrying H&€énhografts was demonstrated to
result in tumor-selective radioiodine accumulatishjch was high enough for a significant
therapeutic effect after application'dH.

Thyroid cancer, even in advanced metastatic diseasebe effectively treated by
radioiodine therapy, due to thyroidal expressiorNdé® (Dai et al., 1996; Smaniket al.,
1996; Spitzweg and Morris, 2002a). NIS expressimgdid cancer metastases can be
detected and treated by administration of radimediwhile avoiding adverse effects of
ionising radiation to other organs, which do nopress NIS and thus do not concentrate
radioiodine. NIS therefore represents one of thaesil and most successful targets for
molecular imaging and targeted radionuclide thera&igning and characterization of the
NIS gene has therefore allowed the developmerttefNIS gene therapy concept based on
NIS gene transfer into nonthyroidal tumor cellsjowed by diagnostic and therapeutic
application of radioiodine (Dat al., 1996; Smaniket al., 1996; Hingoranet al., 2010a).

One of the major challenges on the way to efficigmplication of the NIS gene therapy
concept in the clinical setting of metastatic cans@ptimal tumor targeting in the presence
of low toxicity and sufficiently high transductiafficiency after systemic administration of
gene delivery vectors. Only a limited number ofdgts have investigated systemic NIS
gene delivery approaches with the aim of NIS-tagetdionuclide therapy of metastatic
disease using an oncolytic measles virus or vemi@gibmatitis virus encoding human NIS
in multiple myeloma mouse models (Dinglial., 2004; Goekt al., 2007; Liuet al., 2010).

In a recent study we have utilized a promising wival gene delivery system for tumor-
targeted NIS gene transfer in the syngeneic Neuro@Aroblastoma mouse model.
Branched polycations based on OElI-grafted polydespsnine dendrimers (G2-HD-OEI)
have recently been characterized as biodegradgbiketic gene delivery vectors with high
in vivo transduction efficiency and remarkable intrinsimor affinity in the presence of low
toxicity (Russet al., 2008a). Following systemic application of NIS-payated G2-HD-OEI
via the tail vein, 85% of Neuro2A tumors showed ourspecific'*l accumulation which
resulted in a significant delay of tumor growtheaftwo cycles of systemic polyplex
application followed by*Y injection (Klutzet al., 2009).
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In the present study we applied this therapeutimcept in another distinct tumor
model, and used G2-HD-OEI for systemic NIS genévegl in a human HCC xenograft
model. G2-HD-OEI complexed with the human NIS cDNWAder the control of the
unspecific CMV promoter revealed high transfectedficiency in vitro resulting in a 44-
fold increase in iodide uptake activity in HuH7 Isedt an optimal polymer to plasmid w/w
ratio of 2 that provided highest transfection e#ficy at low cytotoxicity. Following
systemic application of NIS-conjugated G2-HD-OH the tail veirin vivo, 80% of HuH7
tumors showed tumor-specific iodide accumulationdasermined by'?3-scintigraphic
gamma camera imaging with accumulation of approtetga - 11% ID/g and an effective
half-life of 10 h for®*Y. In contrast, mice pretreated with the compegitNIS-inhibitor
sodium-perchlorate or mice injected with controttees showed no tumoral iodide uptake,
confirming that the observed radioiodine accumaratin the tumors was mediated by
functional NIS expression. In addition t&1-gamma camera imaging we have used small
animal whole body SPECT-CT imaging in a subsetrofnals using*?¥ as a radiotracer.
Despite the widespread availability Hfi-scintigraphy, SPECT imaging is attractive for
tracking the delivery of the NIS gene due to itghleir sensitivity and enhanced resolution.
The cross-sectional fusion imaging techniques L.t SPECT-CT provide a useful means
to improve three-dimensional spatial resolution @megaratehe overlapping regions of
radioiodine uptaken vivo, thereby allowing a more robust biodistributioralysis. In our
study ¥ SPECT-CT imaging allowed a more detailed 3D asialyof NIS-mediated
radioiodine accumulation, which appeared inhomogenm clusters of iodide uptake
throughout the tumor. The examination of all prafats of the SPECT-CT images failed to
detect any other NIS gene transfer-related signalggesting that systemic NIS gene
transfer using G2-HD-OElI is highly tumor-specific.addition, our data are consistent with
several studies demonstrating the sensitivity otraaBPECT-CT for imaging and
guantitation of NIS-mediated radionuclide uptakea(bkest al., 2004; Carlsomt al., 2006;
Merron et al., 2007; Carlsoret al., 2009; Chisholmet al., 2009; Peerlinclet al., 2009;
Penheiteet al., 2010).

Moreover,*?3-scintigraphic and SPECT-CT imaging studies weaficmed byex
vivo biodistribution experiments revealing significamimoral radioiodine accumulation,
while no iodide uptake was measured in non-targgarts, like lung, liver, spleen or
kidneys. Tumor-specific NIS expression was furtbenfirmed by real time g-PCR as well
as NIS-specific immunoreactivity, which was prinarimembrane-associated with an
inhomogenous, patchy staining pattern, and thezefarely correlates with the clusters of
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iodide accumulation detected with tH&-SPECT-CT imaging. Due to the limited polyplex
spread in the tumor resulting in the inhomogenagaasgene expression, non-viral gene
delivery is ideally combined with therapy gened i@ able to provide a bystander effect.
The path-length of up to 2.4 mm of the beta-patickmitted by*Yi causes a significant
crossfire effect after NIS gene transfer resulim@ bystander effect, which makes NIS an
ideal candidate gene for synthetic vector-basetesys cancer gene therapy (Dinglial.,
2003Db).

One explanation for the remarkable tumor-selegtivat these synthetic vectors
based on pseudodendritic oligoamines used in thidysis the so-called “enhanced
permeability and retention” (EPR)-effect: due togk endothelial fenestrations in tumor
vasculature combined with poor lymphatic drainagecutating macromolecules can
preferentially accumulate in solid tumors (Matsuanand Maeda, 1986; lyet al., 2006).
We (Smrekaret al., 2003; Schwerdet al., 2008) and others (Dufest al., 2005) also
observed an intrinsic affinity of well-vascularizegmors for polycations, as their removal
from tumor tissue is prevented due to their affindg tumor cells and tumor matrix. Very
recently, we demonstrated that polyplex organ itistion and transgene expression does
not necessarily correlate (Navaret al., 2010). Although considerable amounts of
polyplexes can be entrapped in non-target org&redung and liver, expression is limited to
tumor tissue. This can be explained by additioe#civity being achieved by the mitotic
activity of tumor cells that is advantageous folyptex-mediated transgene expression
(Brunneret al., 2000).

Most importantly, systemic polyplex-mediated NIShgdransfer resulted in tumor-
specific radioiodine uptake activity in HuH7 tumuwoearing mice which was sufficiently
high for a significant therapeutic effect &f1. After two cycles of systemic polyplex
application followed by**Yi injection tumor-bearing mice showed a significatelay of
tumor growth associated with a markedly prolongedrvigal. In addition,
immunofluorescence analysis showed a significamttiuced proliferation and blood vessel
density after systemic polyplex-mediated NIS gemmdfer followed by**Yi application,
suggesting radiation-induced tumor stroma cell dgama addition to tumor cell death.

These data correlate well with the data aquiredhm syngeneic neuroblastoma
mouse model (Klutzt al., 2009), demonstrating that the application of ¢hegnthetic
nanoparticles based on OEIl-grafted pseudodendiigpamines for systemic NIS gene
delivery is not restricted to a specific tumor mipdheit is suitable for all cancers with well-

vascularized tumors.

78



Chapter 3

In conclusion, our data clearly demonstrate thghhpotential of branched
polycations based on oligoethylenimine (OEI)-grdfigolypropylenimine dendrimers for
tumor-specific delivery of the NIS gene after sysite application in well-vascularized
tumors, such as liver cancer. Using NIS as repagtare, this study allowed detailed
characterization oifn vivo biodistribution of polyplex-mediated functional Sllexpression
by *?3-scintigraphic gamma camera antfl-SPECT-CT imaging, which is an essential
prerequisite for exact and safe planning and mangoof clinical gene therapy trials with
the aim of individualization of the NIS gene therajpncept in the clinical setting. Tumor-
specific radioiodine accumulation was further destmated to be sufficiently high for a
significant therapeutic effect in a HCC xenografbuse model after two cycles of NIS-
polyplex application followed by>! therapy. This study therefore opens the exciting
prospect of NIS-targeted radioiodine therapy otelsinated HCC using polyplexes based

on biodegradable polymers for systemic NIS geneeigl.
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5. Chapter 4

Epidermal growth factor receptor-targeted
radioiodine therapy of hepatocellular
cancer following systemic non-viral
delivery of the sodium iodide symporter

gene
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Satement of Trandational Relevance

Cloning of the sodium iodide symporter (NIS) — thelecular basis of radioiodine
therapy in thyroid cancer - has paved the wayHerdevelopment of a novel gene therapy
strategy based on targeted NIS expression in caredlr followed by application of*4.
Our pioneer studies have convincingly shown therreoas potential of NIS as a novel
reporter and therapy gene, and allowed the approiva first phase | clinical trial for
radioiodine therapy of prostate cancer after l@@dgnoviral NIS gene transfer. The next
crucial step towards clinical application in megdistcancer has to be the evaluation of gene
transfer methods that have the potential to achmféicient tumor-selective transgene
expression levels after systemic application.

The present report convincingly demonstrates thgh Ipotential of novel nanoparticle
vectors based on linear polyethylenimine (LPEl)jeksled by attachment of polyethylene
glycol (PEG), and coupled with the synthetic pepteE11l as an epidermal growth factor
receptor (EGFR)-specific ligand for tumor-specitielivery of the NIS gene. Systemic
application of NIS polyplexes resulted in a siggfit therapeutic effect f' in a human
hepatocellular carcinoma mouse model. This traiosiak study therefore opens the exciting
perspective of NIS-targeted radionuclide therapynetastatic cancer using EGFR-targeted

polyplexes for systemic NIS gene delivery
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Abstract

Purpose: We recently demonstrated significant tusetective iodide uptake and
therapeutic efficacy of radioiodine in neuroblastortumors after systemic non-viral
polyplex-mediated NIS gene delivery.

Experimental Design: In the current study, we usedel nanoparticle vectors (polyplexes)
based on linear polyethylenimine (LPEI), polyetmdeglycol (PEG), and the synthetic
peptide GE11 as an epidermal growth factor recefE@FR)-specific ligand to target a
NIS-expressing plasmid to EGFR overexpressing humepatocellular carcinoma (HuUH?7).
Results:Incubation of HUH7 cells with EGFR-targeted LPEIGREBEL1/NIS polyplexes
resulted in a 22-fold increase in iodide uptakeévigtin vitro. Using**3-scintigraphy and
ex vivo y-counting, HUH7 tumors in nude mice accumulated 6% ID/g*?3 with an
effective half-life of approx. 6 h, resulting intamor absorbed dose of 47 mGy/MBH
after i.v. application of LPEI-PEG-GE11/NIS, whilejection of control vectors did not
result in tumoral iodide accumulation. No signifitagodide uptake was observed in organs
like liver, lungs and kidneys. After applicationtbie EGFR-specific antibody cetuximab 24
h prior to administration of LPEI-PEG-GE11/NIS, toral iodide uptake and NIS mRNA
expression were markedly reduced confirming theifipgy of EGFR-targeted polyplexes.
After 3 or 4 cycles of polypleX¥i application, a significant delay in tumor growtias
observed associated with prolonged survival.

Conclusion: These results clearly demonstrate #ystemic NIS gene transfer using
synthetic nanoparticle vectors coupled with an E@&fgeting ligand is capable of inducing
tumor-specific iodide uptake, which representsapsing innovative strategy for systemic

NIS gene therapy in metastatic cancers.
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I ntroduction

The growing understanding of the biology of theisodiodide symporter (NIS)
since its cloning in 1996 has paved the way fordbeelopment of a novel cytoreductive
gene therapy strategy using NIS as powerful thewpy reporter gene (Dat al., 1996;
Smaniket al., 1996; Hingoranét al., 2010a). NIS, an intrinsic transmembrane glycagrot
with 13 putative transmembrane domains, is resptn$or the ability of the thyroid gland
to concentrate iodide, the first and rate-limitiregep in the process of thyroid
hormonogenesis (Spitzweg and Morris, 2002b). Mogeodue to its expression in follicular
cell-derived thyroid cancer cells, NIS provides thelecular basis for the diagnostic and
therapeutic application of radioiodine, which haeib successfully used for more than 70
years in the treatment of thyroid cancer patiepfgasenting the most effective form of
systemic anticancer radiotherapy available to timc@an today (Spitzwegt al., 2001c).

After extensive preclinical evaluation in sevetamor models by various groups
including our own, NIS has been characterized pmising target gene for the treatment
of non-thyroid cancers following selective NIS gdrensfer into tumor cells which allows
therapeutic application of radioiodine and alteeatadionuclides, such a&Re and'At
(Spitzweg and Morris, 2002b; Willhauek al., 2007; Willhaucket al., 2008a; Hingoranet
al., 2010a). In our initial studies in the prostataca model we used the prostate-specific
antigen (PSA) promoter to achieve prostate-spemticle accumulation, which resulted in
a significant therapeutic effect after applicataft®!i and alternative radionuclides such as
1%Re and?™At even in the absence of iodide organification it&peg et al., 2000b;
Spitzweget al., 2001a; Willhauclet al., 2007; Willhaucket al., 2008a). Further, cloning of
NIS has also provided us with one of the most psomgireporter genes available today, that
allows direct, non-invasive imaging of functional\expression by*3-scintigraphy and
129_PET-imaging, as well as exact dosimetric caléatet before proceeding to therapeutic
application of'*4i. Therefore, in its role as reporter gene NIS fes a direct way to
monitor thein vivo distribution of viral and non-viral vectors, as Wwat biodistribution,
level and duration of transgene expression — #ikcal elements in the design of clinical
gene therapy trials (Spitzwesg al., 1999c; Spitzwegt al., 2001a; Spitzweg and Morris,
2002b; Dingliet al., 2003b; Groot-Wassinkt al., 2004; Goelet al., 2007; Merronet al.,
2007; Spitzwegt al., 2007; Willhaucket al., 2007; Willhaucket al., 2008b; Willhaucket
al., 2008c; Carlsomt al., 2009; Klutzet al., 2009; Peerlinclet al., 2009; Barilet al., 2010;

Li et al., 2010; Trujilloet al., 2010; Watanabet al., 2010).
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As logical consequence of our pioneer studieb@NIS gene therapy field, the next
crucial step towards clinical application of themising NIS gene therapy concept, has to
be the evaluation of gene transfer methods that thenpotential to achieve sufficient
tumor-selective transgene expression levels not after local or regional but also after
systemic application to be able to reach tumor stases.

Delivering genes to target organs with syntheéictors is a vital alternative to virus-
based methods. For systemic delivery polycationadecules are used to condense DNA
into sub-micrometer particles termed polyplexesjciwhare efficiently internalized into
cells, while DNA is protected from nucleases. Sal@olycations, like polyethylenimine
(PEIl), bear an intrinsic endosomolytic mechanisnimictv allows the transition of the
polyplex from the endosome to the cytoplasm (Meyet Wagner, 2006). Non-viral vectors
can be easily synthesized and convince especigllyhbir absent immunogenicity and
enhanced biocompatibility.

We have recently developed a novel class of brahghaycations based on
oligoethylenimine (OEIl)-grafted polypropyleniminerdirimers (G2-HD-OEI) (Rus# al.,
2008a), which showed high intrinsic tumor affinitythe presence of low toxicity and high
transfection efficiency (Rusg al., 2008a; Russt al., 2008). In a syngeneic neuroblastoma
(Neuro2A) mouse model we have used these syntpetymeric vectors to target NIS
expression to neuroblastoma tumors. After i.v. @pgbn of NIS containing polyplexes
(G2-HD-OEI/NIS) Neuro2A tumors were shown to acclatel 8 - 13% ID/g'* by
scintigraphy andex vivo gamma counting, resulting in a tumor absorbed dufs@47
mGy/MBq **4. No iodide uptake was observed in non-target msgand two cycles of
polyplex application followed by*Yi (55.5 MBq) administration resulted in a signifita
delay in tumor growth associated with markedly ioyad survival (Klutzet al., 2009).
Polyplexes formed with branched structures likeHE2-OEI are able to deliver the nucleic
acid payload primarily toward the tumor site dueptssive tumor targeting based on the
imperfect and leaky tumor vasculature combined withdequate lymphatic drainage
(Maeda, 2001).

With the aim of optimizing tumor selectivity actiligand-mediated tumor targeting
by the application of receptor-specific ligands tenused. The epidermal growth factor
receptor (EGFR) is upregulated in a broad rangepthelial tumors, such as liver
cancer, and has therefore been evaluated as d stngeture for gene delivery vectors
(De Bruinet al., 2007). Epidermal growth factor (EGF), the natligdnd of the EGFR,
has strong growth promoting properties by activaté the receptor tyrosine kinase via
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phosphorylation and thereby represents a strongrtipromoting agent. Therefore, a
synthetic ligand with high receptor affinity whicloes not activate the receptor tyrosine
kinase is required to function as a plausible lban target gene delivery vectors to
EGFR-expressing tumor cells. In this contextetial. discovered a new EGFR ligand by
phage display library analysis called GE11l (Seqeef@YHWYGYFPQNVI) which
showed high affinity towards EGFR with no signifitaactivation potential at the
receptor tyrosine kinase (Ef al., 2005).

In the current study, we therefore used novel sstithanoparticle vectors based
on linear polyethylenimine (LPEI), shielded by attaent of polyethylene glycol (PEG)
and coupled with the synthetic EGFR-specific pept@E11 for targeting the NIS gene
to human hepatocellular carcinoma (HCC) cells. Bawme its dual function as reporter
and therapy gene, NIS was used for non-invasivegimgaof vector biodistribution by
123_scintigraphy followed by assessment of the thgrasponse after application Gfl.
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Materialsand M ethods
Cdl culture

The human hepatoma cell line (HuH7, JCRB 0403) watured in DMEM/F12
medium (Invitrogen Life Technologies Inc., KarlseyiGermany) supplemented with 10%
fetal bovine serum (v/v) (PAA, Colbe, Germany), 9%glutamine (Invitrogen Life
Technologies Inc.) and 1% penicillin/streptomydiiells were maintained at 37°C and 5%
CQO; in an incubator with 95% humidity. Cell culture dngm was replaced every second
day and cells were passaged at 85% confluency.

Plasmid and polymer synthesis

The NIS cDNA has been synthesized by GENEART (Rslyerg, Germany) codon-
optimized for gene expression in human tissue dmaed into the plasmid pCpG-hCMV-
Luc with a backbone completely devoid of potengiaimmune stimulatory CpG
dinucleotides (Navarret al., 2010). NIS transcription is driven by the humaongation
factor-1 alpha promoter in combination with the famtytomegalovirus enhancer element.
The LucSh transgene was replaced by NIS cDNA usatriction enzymes Nhaind Bglll
(NIS plasmid). NIS cDNA, digested with Nhel and Bglvas cloned into the Nhel and
Balll restriction sites of pMOD-ZGFP (InvivoGen, i8®iego, CA, USA). The resulting
pMOD-NIS was digested with Avrll and BamHI and rgated into the Nhel and Bglll
restriction sites of pCpG-hCMV-Luc generating atcohvector featuring NIS in antisense
direction (antisense-NIS plasmid).

LPEI and LPEI-based conjugates were synthesizeshahogous fashion as recently
described (Schaffest al., 2010) and will be described in detail elsewh&eh@efert al,
manuscript in preparation). In brief, LPEI-PEG-GEid LPEI-PEG-Cys were synthesized
by coupling heterobifunctional (poly)ethylene glycNHS-PEG-OPSS, 2 kDa, Rapp
Polymere GmbH, Tlbingen, Germany) via N-hydroxycsuiminyl ester onto amine groups
in LPEI and were subsequently purified by cationhenge chromatography. GE11 peptide
(CYHWYGYFPQNVI, >95 % purity, synthesized by solghase peptide (Biosynthan
GmbH, Berlin, Germany) was coupled to the term@BRISS group (orthopyridyl disulfide)
and purified again by size exclusion chromatogra8wyperdex 75, GE Healthcare Europe
GmbH, Freiburg, Germany). LPEI-PEG-Cys was simylagnthesized only using cysteine
instead of GE11 peptide. The resulting conjugatesewdialyzed against HBS (20 mM
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HEPES pH 7.4, 150 mM NaCl) and stored frozen atG88s 1 - 5 mg/ml stock solutions

until further use.

Polyplex formation

Plasmid DNA was condensed with polymers at indatatenjugate/plasmid (c/p) -
ratios (w/w) in HEPES buffered glucose (HBG: 20 mPES, 5% glucose (w/v), pH 7.4)
as described previously (Ruasal., 2008a) and incubated at room temperature for @20 m
prior to use. Final DNA concentration of polypleXesin vitro studies was 2 pg/ml, fon

vivo studies 200 pg/mil.

Transient transfection

For in vitro transfection experiments, HuH7 cells were grown6® - 80%
confluency. Cells were incubated for 4 h with pddyes in the absence of serum and
antibiotics followed by incubation with growth madi for 24 h. Transfection efficiency

was evaluated by measurement of iodide uptakeityctis described below.

15| odide uptake assay

Following transfections, iodide uptake of HuH7lse&las determined at steady-state
conditions as described previously (Spitzveegl., 1999c). Results were normalized to cell

survival measured by cell viability assay (see W¢land expressed as cpm/A490 nm.

Cell viability assay

Cell viability was measured using the commercialailable MTS-assay (Promega
Corp., Mannheim, Germany) according to the manufacts recommendations as
described previously (Willhauddt al., 2007).

Establishment of HUH7 xenografts

HuH7 xenografts were established in female CD-Inuumice (Charles River,
Sulzfeld, Germany) by subcutaneous injection of B0XHuH7 cells suspended in 100 pl
PBS into the flank region. Animals were maintaineder specific pathogen-free conditions
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with access to mouse chow and wateidibitum. The experimental protocol was approved

by the regional governmental commission for aninf@isgierung von Oberbayern).

NIS genetransfer and radioiodine studiesin vivo

Experiments started when tumors had reached artsiz® of 8 - 10 mm after a 10-
day pretreatment with L-T4 (intraperitoneal (i.mjection of 2 ug L-T4/day (Henning,
Sanofi-Aventis, Germany) diluted in 100 pl PBS)stppress thyroidal iodine uptake. For
systemicn vivo NIS gene transfer polyplexes (c/p 0.8) were applravenously (i.v.) via
the tail vein at a DNA dose of 2.5 mg/kg (50 ug DNA 250 ul HBG); either NIS
containing polyplexes (LPEI-PEG-GE11/NIS) or cohtrpolyplexes (LPEI-PEG-
GE1l1l/antisense-NIS, LPEI-PEG-Cys/NIS and LPEI/NIShur groups of mice were
established and treated i.v. as follows: (1) LPEGPGE11/NIS (n=15); (2) LPEI-PEG-
GE1l1l/antisense-NIS (n=9), (3) LPEI-PEG-Cys/NIS (n=@&) LPEI/NIS (n=9). As an
additional control, mice treated with LPEI-PEG-GBEMIB received (n=9) the competitive
NIS-inhibitor sodium-perchlorate (NaCiO2 mg/per mouse) 30 min. prior t&>
administration as a single i.p application. For pefitive inhibition studies the EGFR-
specific monoclonal antibody cetuximab (Erbitux®,eidk, Darmstadt, Germany) was
injected i.p. (0.25 mg/per mouse) 24 h prior to tREI-PEG-GE11/NIS application (n=4)
24 h after polyplex application, mice were injectgd with 18.5 MBq (0.5 mCi}*3 and
iodide biodistribution was assessed using a ganamera equipped with UXHR collimator
(Ecam, Siemens, Germany) as described previousiilh@tfick et al., 2007). Regions of
interest were quantified and expressed as a fraatib the total amount of applied
radioiodine per gram tumor tissue. The retentiametwithin the tumor was determined by
serial scanning after radionuclide injection andsioh®@tric calculations were performed
according to the concept of MIRD with the dosistéa®f RADAR-group (www.doseinfo-

radar.com).

Analysis of radioiodine biodistribution ex vivo

For ex vivo analysis of'*% biodistribution, mice were injected with LPEI-PEG
GE11/NIS (n=10) or LPEI-PEG-GE11/antisense-NIS (n+6EI-PEG-Cys/NIS (n=6) or
LPEI/NIS (n=6) as described above followed by injection of 18.5 MBg'* 24 h later. In
addition LPEI-PEG-GE11/NIS-transduced mice (n=6jenteeated with sodium-perchlorate
prior to >3 administration as an additional control. Four ddh after?3 injection, mice
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were sacrificed and indicated organs were dissegtedjhed and radioiodide uptake was
measured in a gamma counter (5 NIS-transduced &ipe time point (LPEI-PEG-
GE11/NIS) and 3 mice of each control). Results wegorted as percentage of injected
dose per organ (% ID/organ).

Analysis of NIS mRNA expression using quantitative real-time PCR

Total RNA was isolated from HuH7 tumors or othissties using the RNeasy Mini
Kit (Qiagen, Hilden, Germany) according to the nfasturer's recommendations. Single
stranded oligo (dT)-primer cDNA was generated usiBgperscript Ill Reverse
Transcriptase  (Invitrogen).  Following  primers  wereused: hNIS: (5
ACACCTTCTGGACCTTCGTG-3) and (5"-GTCGCAGTCGGTGTAGAA-3"),
GAPDH: (5"-GAGAAGGCTGGGGCTCATTT-3) and (5-
CAGTGGGGACACGGAAGG-3"). Quantitative real-time PCRPCR) was performed
with the cDNA from 1pg RNA using the SYBR green P@GRster mix (Quiagen) in a
Rotor Gene 6000 (Corbett Research, Morthlake, NewttS Wales, Australia). Relative
expression levels were calculated using the comiparAAC; method and internal GAPDH

for normalization.

I mmunohistochemical analysis of NI S protein expression

Immunohistochemical staining of frozen tissue isest derived from HuH7 tumors
after systemic gene delivery was performed usimgoase monoclonal antibody directed
against amino acid residues 468-643 of human Ni&dik provided by John C. Morris,
Mayo Clinic, Rochester, MN, USA) as described poesgly (Spitzwegt al., 2007).

Radioiodine therapy study in vivo

Following a 10-day L-T4 pretreatment, mice reasiv65.5 MBq-3! as a single i.p.
injection 24 h after systemic application of LPEH®-GE11/NIS (n=16) or LPEI-PEG-
GE11l/antisense-NIS (n=6). As a control, mice weeated with saline instead b after
injection of LPEI-PEG-GE11/NIS (n=16) or LPEI-PEGGL/antisense-NIS (n=6) or saline
instead of polyplexes (n=6). Polyplex applicatioasnfollowed after 24 h b{*! or saline
application in three cycles (days 0/1, 3/4, 7/8)adlditional experiments mice were treated
with 4 cycles of LPEI-PEG-GE11 followed by radioiod (n=8) or saline (n=8) application
on days 0/1, 3/4, 7/8 and 14/15. Tumor sizes weeasawred before treatment and daily
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thereafter for up to five weeks and tumor voluménested using the equation: tumor
volume = length x width x height x 0.52.

I ndirect immunofluorescence assay

Indirect immunofluorescence staining was perfornoedfrozen tissues using an
antibody against human Ki67 (Abcam, Cambridge, WKyl an antibody against mouse
CD31 (BD, Pharmingen, New Jersey, USA) as descrifrediously (Willhaucket al.,
2007).

Statistical methods

All in vitro experiments were carried out in triplicates. Rissate represented as

mean +/- SD of triplicates. Statistical significangas tested using Student’s t test.
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Results
EGFR-targeted NI S genetransfer in vitro

Transfection conditions using LPEI-PEG-GE11/NISraveptimized in HuH7 cells
by measurement of perchlorate-sensitive iodidekgpsativity 24 h following application of
polyplexes (data not shown). We found an optimal ratio of 0.8 resulting in highest
transfection efficiency at lowest cytotoxicity. Fhiratio was used in all subsequent
experiments. 24 h after transfection with LPEI-PE&11/NIS, HuH7 cells showed a 22-
fold increase in'?® accumulation as compared to cells incubated WFEI-PEG-
GE11l/antisense-NIS (Fig. 1). Transfection with oy¢ted LPEI-PEG-Cys/NIS polyplexes
led to significantly lower iodide uptake activitp HuH7 cells (Fig.1). Furthermore, no
perchlorate-sensitive iodide uptake above backgtolevel was observed in cells
transfected with the empty vector LPEI-PEG-GE11lyplex-mediated NIS gene transfer
did not alter cell viability as measured by MTSasé-ig. 1).
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Fig. 1. lodide uptake was measured in HuH7 cells followimgitro transfection with LPEI-PEG-GE11/NIS,
control polyplexes LPEI-PEG-Cys/NIS, LPEI-PEG-GHirttisense-NIS, or with LPEI-PEG-GE11 alone.
Cells transfected with LPEI-PEG-GE11/NIS showed 2-fdd increase in perchlorate-sensitivé?
accumulation. After transfection with LPEI-PEG-QYk$ the iodide uptake was decreased to approx. 59%.
contrast, no perchlorate-sensitive iodide uptal@vatbackground level was observed in cells tratsfewith
LPEI-PEG-GE11/antisense-NIS or without DNA (***p €01).
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I nduction of iodide accumulation after systemic EGFR-targeted NI S gene transfer in vivo

To investigate the iodide uptake activity in Hutdimors after systemii vivo NIS
gene transfer,'®d distribution was monitored in tumor bearing mi@: h after
administration of polyplexes (Fig. 2). High levalsiodide uptake were observed in 80%
(12 out of 15) of HUH7 tumors following systemigdcation of LPEI-PEG-GE11/NIS (Fig.
2A), whereas no significant iodide uptake was olesgrin non-target organs, including
lungs and liver confirming tumor-specificity of LRBEG-GE1l1l-mediated NIS gene
delivery. No iodide accumulation was detected imdts after application of LPEI-PEG-
GE11/antisense-NIS and LPEI/NIS (Fig. 2C, E), ama@kvtumoral iodide accumulation was
observed after application of LPEI-PEG-Cys/NIS (D). To confirm that tumoral iodide
uptake was indeed NIS-mediated, LPEI-PEG-GE11/N)&ted mice received sodium-
perchlorate 30 min prior t6* administration (2 mg i.p.), which completely bkeci
tumoral iodide accumulation in addition to the pbiagical iodide uptake in stomach and
thyroid gland (Fig. 2B). As determined by seriarsiging, approximately 6.5 - 9% ID}§
were accumulated in NIS-transduced tumors with alobical half-life of 5 h after
application of LPEI-PEG-GE11/NIS (Fig. 2G). Considg a tumor mass of 1 g and an
effective half-life of 6 h fo*Yi, a tumor absorbed dose of 47 mGy/MBY was calculated.
After application of the EGFR-specific antibody wdtmab 24 h prior to administration of
NIS-conjugated LPEI-PEG-GE11 tumoral iodide uptakaes significantly reduced to 4%
ID/g **3 (Fig. 2F).

Besides tumoral uptake, significant radioiodinecusgulation was observed in
tissues physiologically expressing NIS, includinngnsach and thyroid. In this context it is
important to mention that the uptake in the stomambears to be higher than usually seen
in humans, which is most probably due to higheelewf NIS expression in murine gastric
mucosa and pooling of gastric juices due to thesthiesia for a prolonged period during
imaging procedure. In addition, due to exquisitgutation of thyroidal NIS expression by
TSH, **3 accumulation in the thyroid gland can effectivélg downregulated by thyroid

hormone treatment as shown in humans (Wagtrak., 2004).
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Fig. 2: ' gamma camera imaging of mice harbouring HuH7 tsn®oh following i.p. injection of 18.5 MBq
123 24 h after LPEI-PEG-GE11-mediated NIS gene dejiv&Vhile mice treated with control polyplexes
(LPEI-PEG-GE11/antisense-NIS, LPEI/NIS) showed mmdral iodide uptake (C, E), treatment with LPEI-
PEG-Cys/NIS led to a mild iodide uptake of 2.4%dOD). Treatment with LPEI-PEG-GE11/NIS induced
significant tumor-specific iodide accumulation imH7 tumors with accumulation of 6.5 - 9% IDA]I (A),
which was completely abolished upon pretreatmenth ilaCIQ, (B). lodide was also accumulated
physiologically in thyroid, stomach and bladder @&, D, E, F). After pretreatment with cetuximab tbdide
uptake was significantly reduced to 4% ID/g (F).

Time course of'*] accumulation in HUH7 tumors after systemic potypmediated NIS gene delivery
followed by injection of 18.5 MBd*d as determined by serial scanning. After applaratof LPEI-PEG-
GE11/NIS the maximum tumoral radioiodine uptake @a&s- 9% ID/g tumor with an average effectivedf

6 h for Y. Following injection of control polyplexes (LPEEG-Cys/NIS, LPEI/NIS) or after pretreatment
with cetuximab iodide accumulation was significgrtbcreased (G).
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Ex vivo radioiodine biodistribution studies

Ex vivo biodistribution analysis confirmed induction ofgsificant iodide uptake
activity in tumors by systemic NIS gene transfag(RB). LPEI-PEG-GE11/NIS-transduced
HuH7 tumors accumulated 4.3% ID/orggfl 4 hours after radioiodine injection (Fig. 3A),
whereas tumors transduced with control polyplexeBE(-PEG-Cys/NIS, LPEI-PEG-
GE1l1l/antisense-NIS and LPEI/NIS) showed only mildPEI-PEG-Cys/NIS) or no
(LPEINIS, LPEI-PEG-GE11/antisense-NIS) iodide Wpetaln all groups the thyroid gland
and the stomach accumulated approx. 40% and 39%¢da@i (data not shown). Further, a
single perchlorate injection prior to radioiodinppéication significantly blocked iodide
uptake in NIS-transduced tumors and in physioldlyiddlS-expressing tissues, including
thyroid and stomach, throughout the observationodenp to 12 h (Fig. 3B). No iodide
uptake above background level was observed in aget organs, including lungs, liver,
kidneys or spleen.
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Fig. 3: Evaluation of iodide biodistributioex vivo 4 h (A) and 12 h (B) following injection of 18.5B4 **3.
While tumors in NIS-transduced mice showed higlcplerate-sensitive iodide uptake activity (up t8%.
ID/organ), non-target organs revealed no significendide accumulation. No iodide accumulation was
measured after injection of control polyplexes LIPHG-GE11/antisense-NIS or LPEI/NIS, or after
pretreatment with NaClO A mild iodide uptake was observed after applaratof LPEI-PEG-Cys/NIS.
Results were reported as percent of injected desengan + SD.

Analysis of NIS mRNA expression by quantitative real-time PCR analysis

In order to assess NIS mRNA levels after systeif8 gene transfer, mMRNA of
various tissues was extracted and analyzed by iqaiare real-time PCR (gPCR) with a
pair of NIS-specific oligonucleotide primers 24 ftea NIS gene transfer. Significant levels
of NIS gene expression were induced in HUH7 tunadtsr systemic injection of LPEI-
PEG-GE11/NIS (Fig. 4A), whereas only low backgrouledels were detected after
application of LPEI-PEG-GE11l/antisense-NIS, LPEIEREys/NIS and LPEI/NIS. As
expected, administration of the competitive NIS ilator sodium-perchlorate had no
influence on NIS mRNA expression in NIS-transdut¢edhors. After application of the
EGFR-specific antibody cetuximab tumoral NIS mRNApeession was significantly
reduced. Furthermore, analysis of non-target ordédses lungs and liver, showed no
significant NIS mRNA expression above backgroungelgFig. 4A). In contrast, high
levels of NIS mRNA were detected in the lungs otenreceiving LPEI/NIS suggesting
unspecific pulmonary accumulation of these polyptexdue to their aggregation with
erythrocytes (Fig. 4A).
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Fig. 4: Analysis of human NIS mRNA expression in HuH7 tusnand non-target organs by qPCR (A). A
significant level of NIS mRNA expression was indddée HuH7 tumors after systemic NIS gene transfith w
or without sodium-perchlorate pretreatment (LPEEPEE11/NIS). Only a low background level of NIS
MRNA expression was detected in untreated tumolschvwas set as 1 arbitrary unit. Moreover, no
significant NIS expression above background levakviound in tumors after application of LPEI-PEG-
GE11/antisense-NIS, LPEI-PEG-Cys/NIS, LPEI-PEG-GHI3 + cetuximab and LPEI/NIS. After systemic
application with LPEI/NIS a high NIS mRNA expressilevel was detected in the lungs, whereas noretarg
organs showed no significant NIS mRNA expressiderafeatment of LPEI-PEG-GE11/NIS, LPEI-PEG-
GE11/antisense-NIS, LPEI-PEG-Cys/NIS. Results weperted as NIS/GAPDH ratios.

Analysis of NIS protein expression in HUH7 tumors

Immunohistochemical analysis of HUH7 tumors aftgstemic application of LPEI-
PEG-GE11/NIS revealed a heterogeneous stainingerpatvith clusters of primarily
membrane-associated NIS-specific immunoreactiiig.(4B). In contrast, tumors treated
with LPEI-PEG-GE11l/antisense-NIS, LPEI-PEG-Cys/N#d LPEI/NIS (Fig. 4C-E)
showed no NIS-specific immunoreactivity. Specificiof staining was confirmed using

isotype-matched control immunoglobulin (data naivgh).
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Fig. 4: Immunohistochemical staining of HUH7 tumors 24fteral PEI-PEG-GE11/NIS application using a
hNIS specific antibody showed clusters of primarmgmbrane-associated NIS-specific immunoreactiBly (
In contrast, HUH7 tumors treated with the controlyplexes (LPEI-PEG-GE11/antisense-NIS (C), LPEI-
PEG-Cys/NIS (D), LPEI/NIS (E)) did not reveal NIBegific immunoreactivity. Magnification: 100x

Radioiodine therapy studies after in vivo NI S gene transfer

24 h after systemic administration of polyplexastherapeutic dose of 55.5 MBq
(1.5 mCi) *! or saline was administered. The cycle consistifigsystemic NIS gene
transfer followed by radioiodine was repeated twicedays 3/4 and 7/8. Mice treated with
three cycles of LPEI-PEG-GE11/NIS ald showed a significant delay in tumor growth as
compared to all control groups (Fig. 5A), tumorwtio started again one week after the last
treatment. Therefore, in another therapy group watliotherapy cycle was added at days
14/15, which further delayed tumor growth. In ahtrol groups (LPEI-PEG-GE11/NIS or
LPEI-PEG-GE11/antisense-NIS followed by saline, Il®?EI-PEG-GE11/antisense-NIS
followed by**!1) mice showed an exponential tumor growth and toage killed within two
weeks after the onset of the experiments due tessiee tumor growth (Fig. 5B). 50% of
mice survived 3 - 4 weeks after application of Zleg of polyplexes followed by
application; overall survival was further enhancky addition of another cycle of
polyplex/*4 application (Fig. 5B). Importantly, none of thesice showed major adverse
effects due to radionuclide or polyplex treatmentarms of lethargy or respiratory failure.
However, a minor body weight loss of 3 - 5% waseobsd in mice after systemic

administration of polyplexes.
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Fig. 5: Radioiodine treatment of HUH7 tumors after systepulyplex-mediated NIS gene transiewivo. 24

h after i.v. polyplex injection (small arrow), 55Bq **1 were injected i.p. (big arrow). This treatmentley
was repeated twice on days 3/4 and 7/8 and addiljoon days 14/15 (dotted linesy®!i therapy after
systemic LPEI-PEG-GE11/NIS application resultedairsignificant delay in tumor growth (A, **p<0.01)
which was associated with markedly improved suilviBa Kaplan-Meier-plot (**p<0.01)) as comparedtte
control groups that were injected with saline onljth LPEI-PEG-GE11/NIS followed by saline applicet,
or with LPEI-PEG-GE11/antisense-NIS followed byisalor'*i application.
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I mmunofluorescence analysis

Three to four weeks after treatment, mice wereifsadt, and tumors were dissected
and processed for immunofluorescence analysis wsiKig7-specific antibody (green) and
an antibody against CD31 (red, labelling blood etgs(Fig. 6). NIS-transduced tumors
(LPEI-PEG-GE11/NIS) (Fig. 6B) exhibited a signifitey lower intratumoral blood vessel
density and proliferation index aft&¥1 therapy when compared to mock-transduced tumors
(LPEI-PEG-GE11/antisense-NIS) tumors (Fig. 6A).

Fig. 6: Immunofluorescence analysis using a Ki67-speaifitbody (green) and an antibody against CD31
(red, labeling blood vessels) showed significadgreased proliferation and blood vessel densityl$+
transduced tumors (B) followintf!i treatment as compared to mock-transduced tunfsSlides were
counterstained with DAPI nuclear stain. MagnifioatiL 00x.
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Discussion

In the present study we investigated the efficatynovel synthetic nanoparticle
vectors based on LPEI, shielded by attachment & Bid coupled with the EGFR-specific
ligand GE11 to achieve tumor-selective NIS-mediatetioiodine accumulation in a HCC
mouse model. After confirmation of high transductiefficiency of LPEI-PEG-GE11 in
human HCC cellsn vitro, i.v. application of LPEI-PEG-GE11 in nude micergang HCC
xenografts was demonstrated to result in tumorctigks EGFR-targeted radioiodine
accumulation, which was high enough for a signiftdtierapeutic effect after application of
131|'

As one of the oldest and most successful tardgetsotecular imaging and therapy,
cloning and characterization of NIS has providedwith a powerful new reporter and
therapy gene (Spitzweg and Morris, 2002b; Hingorenial., 2010a). Many of the
characteristics of NIS, which have been confirmgdolr work to date, suggest that it
represents an ideal therapy gene due to severahtaes. NIS as an endogenous human
protein implies that its expression in cancer c&launlikely to be toxic or to elicit a
significant immune response that could limit itfiaaicy. In its dual role as reporter and
therapy gene NIS allows direct, non-invasive imggif functional NIS expression B§3-
scintigraphy and'*4-PET-imaging, as well as exact dosimetric caldale before
proceeding to therapeutic application 'dfi (Spitzweg and Morris, 2002b; Dingtt al.,
2003b).

The capacity of the NIS gene to induce radioiodaweumulation in nonthyroidal
tumors has been investigated by several groupsidimg our own, demonstrating the
enormous potential of NIS as therapy gene (Spitzevet), 1999c; Spitzwegt al., 2000b;
Spitzweget al., 2001a; Spitzwegt al., 2001c; Spitzweg and Morris, 2002b; Kakinueta
al., 2003; Dingliet al., 2004; Cengiet al., 2005; Dwyeret al., 2005a; Scholzt al., 2005;
Dwyer et al., 2006a; Spitzweet al., 2007; Willhaucket al., 2007; Willhaucket al., 2008a;
Willhauck et al., 2008b; Peerlinclet al., 2009; Hingoraniet al., 2010b; Liet al., 2010;
Trujillo et al., 2010). However, only a limited number of studiese investigated systemic
NIS gene delivery approaches to address one omtjer hurdles on the way to efficient
and safe application of the NIS gene therapy canteghe clinical setting in metastatic
disease, which is optimal tumor targeting in thespnce of low toxicity and high
transduction efficiency with the ultimate goal gstemic vector application. In its function

as reporter gene NIS provides an elegant meansidofinvasive monitoring of vector
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biodistribution as well as biodistribution, levelichduration of transgene expression after
systemic vector application (Dingdt al., 2004; Goelet al., 2007; Chisholnet al., 2009;
Liu et al., 2010). We recently reported a systemic non-\H& gene delivery approach in a
neuroblastoma mouse model (Neuro2A), where biodiadpa branched polycations based
on OEl-grafted polypropylenimine dendrimers (G2-KE) for systemic NIS gene
application achieved tumor-specific iodide accuriofa resulting in a significant
therapeutic effect after application’dt even in the absence of iodide organification ¢&lu
et al., 2009). This study showed for the first time angigant therapeutic effect of
radioiodine after systemic non-viral NIS gene tfang an experimental tumor model. The
high intrinsic tumor affinity of G2-HD-OEI is basemh passive polyplex trapping in the
tumor caused by the typically leaky vasculature ammbequate lymphatic drainage in
tumors (Maeda, 2001), which can be highly dependenthe tumor type (Navarret al.,
2010).

The “golden standard” of polyethylenimine (PElsbd gene carriers is LPEI, the
linear form of PEI, with a molecular weight of 2D&, also known as the commercially
available JetPEI®. The major drawback of LPEI s stgnificant toxicity after systemic
application due to acute and long-term toxic eHfe(€holletet al., 2002). Transgene
expression was demonstrated to be more than 1@3 tmgher in the lung than in the tumor
most probably due to pronounced aggregation wigthescytes that usually results in high
transgene expression in the first vascular bed werteced, namely the lung (Ruesal.,
2008a; Russt al., 2008).

A technique to reduce unspecific toxicity and png blood circulation time is
shielding of polyplexes by PEGylation (polyethylagigcol). Zintchenkeet al. showed in a
previous study with quantoplexes (polyplexes cdmgjsof PEI and DNA with incorporated
negatively charged near-infrared-emitting cadmiettutide quantum dots), that PEGylated
guantoplexes have a circulation time in the ranigeseweral minutes, whereas unshielded
PEI polyplexes do not show circulation at all (£imtnkoet al., 2009). The modification of
the surface of DNA complexes with PEG can blockititeraction with plasma components
and erythrocytes and strongly changesithgivo characteristics of particles, resulting in
reduced toxicity, prolonged circulation and gen@regsion in distant tumor tissue after
systemic administration (Ogres al., 1999). However, PEGylation also results in deseda
cell binding capacity and subsequently reduceaaff (Ogriset al., 1999). The addition of

specific targeting ligands, such as peptides, pretand carbohydrates to these shielded
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polyplexes can be employed with the aim of activendr targeting thereby enhancing
transfection efficiency and tumor selectivity (Deub et al., 2007).

In the current study the EGFR was used as tumecHsp target, a transmembrane
receptor with intrinsic tyrosine kinase activityh&@ upregulation to 2 x 2EGFR per cell in
numerous solid tumors including lung, liver, breastl bladder cancer, glioblastoma as well
as hepatocellular carcinoma makes it an attratéikget for cancer gene therapy strategies.
EGFR-targeting has been utilized for targeted éejivof neutralizing antibodies
(Mendelsohn and Baselga, 2006), toxins (Eiwal., 2005), and nucleid acids (Shar al.,
2006), as well as for targeted gene delivery, eiieh viral (Dmitrievet al., 2000) or non-
viral gene delivery systems (Wolschekal., 2002). The enhanced uptake of EGF-coupled
polyplexes in EGFR-overexpressing tumor cells wasam in several experiments with an
up to 300-fold increased transfection efficiencyeleding on the tumor cell line (Blessing
et al., 2001). Studies with HUH7 HCC cells showed tha%56f these “artifical viruses”
were already internalised after 5 minutes, whengatsirgeted polyplexes reached only
approximately 20% after a 20 min incubation (DeiBwri al., 2007). Generating polyplexes
with EGF as targeting ligand combined with PEG &aglding moiety lead to rapid
internalization via the EGF-receptor and signifibanncreased transgene expression in
subcutaneous hepatoma tumors in mice after systadnainistration (Wolschelet al.,
2002).

EGF, the natural ligand of the EGFR, however, lsa®ng mitogenic and
neoangiogenic activity possibly attenuating theicamicer effect of the therapeutic gene
used (Liet al., 2005). For this purpose, Ef al. screened a phage display library to discover
new EGFR binders and have found a phage clone emrdor a peptide termed GE11,
which showed high affinity towards EGFR without ieation of the receptor tyrosine
kinase. GE11-conjugated PEI polyplexes showed Mhighsfection efficiency in EGFR
overexpressing tissues, while no significant atitivaof EGFR and no mitogenic activity of
treated cells was observed étial., 2005)

In our study we used LPEI-PEG-GE11 polymers anchpiexed them with the
human NIS cDNA under the control of the strong honedongation factor 1 alpha
promoter. The plasmid used is completely devoi@p& islands, which has been described
to result in prolonged and higher transgene expmesa tumor tissuen vivo (De Wolf et
al., 2008; Navarroet al., 2010). In vitro transfection of HuH7 cells with LPEI-PEG-
GE11/NIS resulted in a 22-fold increase in iodigtalie activity, which was significantly
lower when polyplexes without EGFR-targeting (LAFEEG-Cys/NIS) were used.
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Following i.v. application of LPEI-PEG-GE11/NIS pplexes in mice carrying HuH7
xenografts 80% of tumors showed tumor-specfficaccumulation with approximately
6.5-9% ID/g, a biological half-life of 6 hours aadumor absorbed dose of 47 mGy / MBq
134, In addition, ourin vivo **3 scintigraphic imaging studies were confirmed xyvivo
biodistribution experiments revealing significamtioral radioiodine accumulation, whereas
no iodide uptake was measured in non-target orgaigsificance of EGFR-mediated NIS
gene delivery was shown in mice pretreated withBG¢R-specific antibody cetuximab 24
h prior to polyplex application. cetuximab has bshown to inhibit EGFR-mediated tumor
cell targetingin vitro with EGF-targeted nanoparticles (Diagaradjahal., 2008) and to
downregulate EGFRn vitro andin vivo (Perez-Torregt al., 2006). Here we demonstrate
that cetuximab pretreatment is able to reduce tespecific transfection efficiency of
EGFR-targeted polyplexes. In line with these resulintargeted LPEI-PEG-Cys/NIS also
showed significantly lower iodide uptake, furthentirming the EGFR-specificity of LPEI-
PEG-GE11. The low, but measurable iodide uptake&igcin HCC tumors after LPEI-
PEG-Cys/NIS treatment suggests that passive tumaeting due to the “enhanced
permeability and retention-effect” is sufficientr fa low level of tumoral NIS transduction
(Maeda, 2001), which can be significantly increaaftér coupling to the EGFR-specific
ligand GE11. These data are consistent with thdyshy Songet al. showing enhanced
extent and duration of accumulation of fluoresceatelled liposomes containing GE11
when compared to an unrelated peptide, where adatiou was significant, but less
pronounced (Song al., 2008) In mice treated with LPEI-PEG-GE11/NIS and thec#pe
NIS-inhibitor sodium-perchlorate prior to applicatiof radioiodine or in mice treated with
the control vectors (LPEI-PEG-GE11/antisense-Ni#B)drs showed no significant iodide
uptake demonstrating that tumoral radioiodine aadation after systemic EGFR-targeted
NIS gene transfer was mediated by functional Ni8epn.

We further confirmed tumor-specific NIS expressafter systemic application of
LPEI-PEG-GE11/NIS by real time gPCR, whereas afpglication of LPEI/NIS high levels
of NIS mRNA expression were primarily detected tme tlungs of treated animals.
Intravenously applied LPEI polyplexes are knowninduce high transgene expression
activity in the lungs, which is due to aggregatwith erythrocytes, but also high cellular
toxicity (Chollet et al., 2002). Despite significant mRNA levels, no NIStiaty was
observed in lungs, which is presumably due to LPEHiated cell membrane damage
inhibiting proper membrane trafficking of the NI&otein which is required for functional
activity. With LPEI-PEG-GE11/NIS or LPEI-PEG-Cys®lpolyplexes, no pulmonary NIS
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MRNA or NIS activity was found suggesting preventad polyplex aggregation in the lung
due to PEG shielding.

In tumor sections NIS-specific immunoreactivity svgprimarily membrane-
associated and occurred in clusters. The patchpirsgapattern nicely correlates with
experiments using G2-HD-OEI polyplexes for systeMI& gene transfer in a syngeneic
neuroblastoma mouse model (Klwdizal., 2009) and with a study using PEl-based EGF-
coupled polymers for targeting thegalactosidase reporter gene to HCC cetisvivo
resulting in a heterogeneous and patchy distributibtransgene activity (Wolschek al.,
2002).

Most importantly, systemic EGFR-targeted NIS geéramsfer resulted in tumor-
specific iodide uptake activity in HCC tumor-beaimice, which was sufficiently high for
a significant therapeutic effect dfli. After three to four cycles of systemic polyplex
application followed by**! injection, tumor-bearing mice showed a significaelay of
tumor growth associated with a significantly prajed survival. In addition,
immunoflourescence analysis showed markedly redymediferation associated with
decreased blood vessel density inside and surrogritie tumor after systemic polyplex-
mediated NIS gene transfer followed 15§t application, suggesting radiation-induced tumor
stroma cell damage in addition to tumor cell dedthe crossfire effect of*!i with a
maximum path length of up to 2.4 mm might be resjida for stromal cell damage leading
to reduced angiogenesis and secretion of growmhuitory factors, thereby enhancing
therapeutic efficacy.

In conclusion, our data clearly demonstrate thgh Ipotential of novel synthetic
nanoparticle vectors based on LPEI, shielded by REG coupled with the synthetic
peptide GE11 as an EGFR-specific ligand for tangetihe NIS gene to human HCC
overexpressing EGFR. Based on the role of NIS patent and well characterized reporter
gene allowing non-invasive imaging of functional SNexpression, this study allowed
detailed characterization afin vivo biodistribution of EGFR-targeted functional NIS
expression by gamma camera imaging, which is aenéa$ prerequisite for exact planning
and monitoring of clinical gene therapy trials witite aim of individualization of the NIS
gene therapy concept in the clinical setting. Tusmecific iodide accumulation was further
demonstrated to be sufficiently high for a sigrafit delay of tumor growth associated with
increased survival in HCC xenograft bearing nudeemafter three to four cycles of

polyplex application followed by>! therapy. This study therefore opens the exciting

105



Chapter 4

prospect of NIS-targeted radionuclide therapy otasitic cancer using EGFR-targeted

polyplexes for systemic NIS gene delivery.
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6. Summary

Based upon the application of radioiodine that Ieesn used for over 70 years for
diagnostic imaging and therapy in the managemerthybid cancer due to endogenous
expression of NIS, cloning of NIS has paved the wlg novel cytoreductive gene therapy
strategy.

After proof of principle of AFP promoter-mediated3Ngene delivery in a stably NIS-
transfected HCC xenograft model (Willhauekal., 2008b) in this thesis we developed a
replication-deficient adenovirus carrying the NI®ng under the control of the AFP
promoter (Ad5-AFP-NIS) and applied it in a human®(HepG2) xenograft mouse model
for local NIS gene delivery. To achieve tumor speity a mouse AFP-promoter construct
consisting of the basal promoter and enhancer meh¢ was used for transcriptional
targeting of the NIS gene to liver cancer cells.

HepG2 cells infected with Ad5-AFP-NIS concentrafii% of the applied activity of,
which was sufficiently high for a therapeutic efféc anin vitro clonogenic assay. Four
days after intratumoral injection of Ad5-AFP-NIS litepG2 xenografts, analysis Bfl or
1%8Re accumulation by gamma camera imaging revealgt thimoral radionuclide activity.
Tumor-specific NIS expression was further confirm®dimmunohistochemistry and real
time qPCR. After adenovirus-mediated NIS gene femansn HepG2 xenografts
administration of a therapeutic dosed1 or *Re resulted in a significant delay in tumor
growth and improved survival, witff’Re being mildly more potent thar.

As a next crucial step towards clinical applicatiohthe promising NIS gene therapy
concept, we evaluated gene transfer methods thattbe potential to achieve sufficient
tumor-selective transgene expression levels noy after local but also after systemic
application to be able to reach tumor-metastases.

For this purpose, we analyzed the potential of hbi@degradable, branched polycations
based on OEl-grafted polypropylenimine dendrime@&2-HD-OEI) which show high
intrinsic tumor affinity to target a NIS-expressipl@asmid to neuroblastoma (Neuro2A) and
HCC (HuH7) cellsin vitro and in vivo. In vitro incubation with NIS-conjugated
nanoparticles resulted in a 51-fold increase irtlperate-sensitive iodide uptake activity in
Neuro2A cells and a 44-fold increase in HuH7 cdltsvivo NIS-conjugated nanoparticle
vectors were injected via the tail vein followed amalysis of radioiodine accumulation

using *-scintigraphy,*?3 SPECT-CT imaging anex vivo gamma counting. High levels
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of iodide uptake activity were observed in the tuwbereas non-target organs like lungs,
liver, kidneys and spleen exhibited only mild or significant iodide uptake. Tumor-
specific NIS expression was further confirmed bymumohistochemistry and real time
gPCR. In addition, the achieved tumoral radioiodungake was high enough for a
significant therapeutic effect df in Neuro2A and HuH7 tumors, which was associated
with significantly improved survival.

To further improve tumor-specific targeting we aald the efficacy of novel synthetic
nanoparticle vectors based on linear polyethyleme(LPEI), shielded by attachment of
polyethylene glycol (PEG), and coupled with thethgtic peptide GE11 as an EGFR-
specific ligand (LPEI-PEG-GE11) for targeting thé&SNgene to EGFR-expressing human
HCC (Huh7) cells. After systemic application of NdSlyplexes high tumor-specific iodide
activity was demonstrated, which was markedly reduafter application of the EGFR-
specific antibody cetuximab confirming the EGFRafeity of LPEI-PEG-GE11. Further,
after three or four cycles of polymer applicatiofidwed by therapeutic application bfi,
tumor growth was significantly reduced associat&tl wnproved survival.

In conclusion, these data clearly demonstrate ifje jpotential of tumor-specific NIS gene
therapy using viral and non-viral gene delivery teex, which opens the exciting
perspective of targeted NIS-mediated radionuclidapy of extrathyroidal tumors even in

the metastatic stage.
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