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ABSTRACT

The sodium iodide symporter (NIS) as well charazge theranostic gene represents an outstandihg too
to target different cancer types allowing non-invasimaging of functional NIS expression and
therapeutic radioiodide application. Based on wsrexpression on the surface of most cancer types,
cMET/hepatocyte growth factor receptor serves asalidarget for tumor-selective gene delivery.
Sequence-defined polymers as non-viral gene dglivehicles comprising polyethylene glycol (PEG)
and cationic (oligoethanoamino) amide cores coupidgtd a cMET-binding peptide (cMBP2) were
complexed with NIS-DNA and tested for receptor-$fpgty, transduction efficiency and therapeutic
efficacy in hepatocellular cancer cells HuHIh vitro iodide uptake studies demonstrated high
transduction efficiency and cMET-specificity of Né&icoding polyplexes (cMBP2-PEG-Stp/NIS)
compared to polyplexes without targeting liganda@®EG-Stp/NIS) and without coding DNA (cMBP2-
PEG-Stp/Antisense-NIS). Tumor recruitment and webiodistribution were investigataa vivo in a
subcutaneous xenograft mouse model showing higlorigelective iodide accumulation in cMBP2-
PEG-Stp/NIS-treated mice (&6.6% 1D/g %, biological half-life 3 h) by**-scintigraphy. Therapy
studies with 3 cycles of polyplexes aftd application resulted in significant delay in tungyowth and
prolonged survival. These data demonstrate theneous potential of cMET-targeted sequence-defined
polymers combined with the unique theranostic fimmciof NIS allowing for optimized transfection

efficiency while eliminating toxicity.
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INTRODUCTION

As cancer is one of the leading causes of death Wotdeveloped and developing countfjesew
therapy approaches are urgently needed, espefmalbancer types with poor prognosis, where surgery
chemo- and radiotherapy often prove ineffectivehsas advanced hepatocellular cahd8ene therapy
with its broad potential to interact and interfergh aberrant physiological processes has emergead a
powerful tool in oncology in recent yearglowever, gene therapy still faces hurdles thamnsfly limit

its applicatiol. Low tumor selectivity of gene delivery vehicldsgmunoreactions after systemic
application and limited effectiveness of therapyeagehave driven the search for novel biodegradable
vectors with improved safety profile and enhancadgduction efficiency’.

Based on its theranostic function, the sodium iedsgmporter (NIS) represents an ideal therapeutic
gene€*2 The unique combination of reporter and- therapgegeharacteristics allows non-invasive
imaging of vector biodistribution and functional@\Nexpression at tumor sites t-scintigraphy and
129_/'8_tetrafluoroborate positron emission tomographgT(Pas well as exact dosimetric calculations
before the assessment of therapeutic efficacy aftplication of-*4i. Several groups including our own
have successfully demonsirated the capacity oftdliSduce radioiodide accumulation in different non
thyroidal tumor models mediated by various genévdegl vehicles, including mesenchymal stem cells
as well as viral and non-viral vectbt$®

Further improvement of the NIS gene therapy contefiicused on generation of new shuttle systems
with advanced efficiency, specificity and low cyigicity. Cationic polymers as a major sector of non
viral vectors offer the advantages of low immunagéyy good nucleic acid binding and easy up-
scalind®. In order to improve performance for systemic @apion and further enhance transduction
efficiency, various design strategies have beereldped for the synthesis of novel sequence-defined

polymers. In this context, we generated small, welcompatible polymer backbones with precisely
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integrated functional groups. These include catigoligoethanoamino) amide cores for nucleic acid
binding, polyethylene glycol (PEG) linkers for sacé shielding, targeting ligands for cell bindingla
protonatable amino acids with buffer function forhagher rate of endosomal escape, leading to
optimized and DNA carrier-improved systems for egst administration’.

Selective active ligand-mediated tumor-targeting@sents an elegant method to further enhance tumor
specificity, making use of aberrant tumor physigidbat is often accompanied by up-regulation of
various receptors on the surface of tumor cellshsas the epidermal growth factor receptor (EGER)
We recently reported efficient EGFR-targeting wiihal and non-viral gene delivery vehicles, which
resulted in high tumoral iodide uptake after systel1S gene transfer that was sufficient for a geta
tumor growth and prolonged survival in a subcutaseepatocellular cancer xenograft mouse niddel
Y7 Another attractive and important target in canteerapy is the receptor tyrosine kinase
cMET/hepatocyte growth factor receptor (HGFR). Hirface expression levels and activation of
cMET/HGFR in a broad range of malignancies are icaped in tumor progression and are often
associated with poor progno8isin order to target non-viral gene delivery velicto cMET/HGFR, a
cMET-binding peptide (cMBP2) was developed via mhdgsplay screening and further identified as
ideal ligand with high receptor aifinity that spezally enhances nanoparticle adhesion to the targe
cell” 3#34

In the current study, we combined the NIS geneatinerconcept with novel sequence-defined polymers
as non-viral gene delivery vehicles coupled to cMBPBased on the dual function of NIS, the potential
of this cMET-targeted gene therapy approach waestiyated by non-invasive imaging of vector
biodistribution and transduction efficiency in asutaneous hepatocellular carcinoma mouse model.
Subsequently, therapeutic efficacy was assessephdyyjtoring tumor growth after application of a

therapeutic dose of4.
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RESULTS

Invitro cMET -targeted NI S-gene transfer in HuH7 and Hep3B cells

cMET/HGFR expression levels on the cell surfacdHaH7 and Hep3B cells were detected by flow
cytometry(Figs. 1a,b). High cMET/HGFR expression levels on HuH7 cellsrelated well with high
levels of transduction efficiency after incubatiaith cMET-targeted PEGylated polyplexes cMBP2-
PEG-Stp/NIS (Stp=succinoyl-tetraethylene pentamingile significantly lower transgene expression
levels were obtained after transfection of low cMEGFR expressing Hep3B cellgi§. 1c). This led

to the selection of the HUH7 cell line as modelteys for furtherin vitro andin vivo experiments.
Transduction conditions were optimized by measurgro€perchlorate-sensitive iodide uptake activity
24 h after NIS gene transfer and best conditiorth Wawest cytotoxicity were used in all subsequent
experiments. Incubation of HuH7 cells with cMBP2&REtp/NIS polyplexes resulted in a 12-fold
increase i*1 uptake compared to empty polyniers, which was detaly blocked upon treatment with
the NIS-specific inhibitor sodium perchlorate. mtrast, replacement of the targeting ligand cMBR 2
alanine (Ala-PEG-Stp/NIS) showed a significantlwéy iodide uptake activity, demonstrating targeting
specificity of the targeting ligand-CMBP2. No iodidptake above background levels was seen in HUH7
cells transfected with'empty polymers cMBP2-PEG-8td cMBP2-PEG-Stp/Antisense-N(5ig. 1d).
Results were normalized to cell viability. Cell biity was not affected by polyplex-mediated gene

transfer(Fig. 1e).

In vivo iodide uptake studies after systemic NI S genetransfer

To evaluate vector biodistribution and functiondSNexpression after cMET-targeted gene transfer in

HuH7 tumor-bearing mice, animals received an irgridpneal dose ofl 24 h or 48 h after intravenous

application of polyplexes. Radioiodide biodistrilomt was assessed by gamma camera imaging and
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regions of interest were quantified. A considerdbfgher tumoral iodide uptake was observed in timor
of mice that receivetf¥l 48 h after application of cMBP2-PEG-Stp/NIS pdéses as compared to 24 h
(data not shown). For all subsequiantivo experiments, radionuclide application was condiidi® h
after polyplex administration.

In contrast to high levels of radionuclide accuntialain 80% (7 out of 9) of tumors of mice treated
with cMBP2-PEG-Stp/NIS(Fig. 2a), tumors of mice injected with the untargeted coinpolyplex
Ala-PEG-Stp/NIS exhibited only weak tumoral iodalscumulatior(Fig. 2b). No tumoral iodide uptake
above background levels was measured after treatmmcMBP2-PEG-Stp/Antisense-NIS polyplexes
(Fig. 2c). Physiological expression of NIS in thyroid andmsach resulted in iodide accumulation in
theses tissues and, due to renal elimination obi@dide, iodide uptake was also observed in the
bladder. No additional iodide uptake was recoraedan-targeted organs such as lung, liver, kidmey a
spleen. NIS-specificity was confirmed by intrapemgal application of the NIS-specific inhibitor
sodium perchlorate 30 min prior to radionuclice laggpion, which resulted in an almost complete
inhibition of iodide uptake in the tumor and orgdhat physiologically express NI&ig. 2d). Serial

scanning revealed a maximafl accumulation of 6:61.6% ID/g (percentage of the injected dose per

gram tumor) in NIS-transduced HuH7 xenografts vaithiological half-life of 3 H(Fig. 2e). A tumor-

absorbed dose of 41 mGy/MBg/g tumor with an effectialf-life of 3 h for was calculated.

Ex vivo biodistribution studies after systemic NIS gene transfer

Ex vivo biodistribution was performed to further assesaduspecific iodide uptake after systemic
polyplex administration. 3 h aftet? application, mice were sacrificed, organs dissgécand

subsequently measured in a gamma couBtevivo biodistribution results correlated well with gamma
imaging results, showing a perchlorate-sensitivednal radioiodide uptake of 3% of the injected dose

per organ in cMBP2-PEG-Stp/NIS-treated mice 3 araftjection of the radionuclide. Moreover, almost
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no iodide uptake was detected in non-target orgadstumors of control mice that received either-Ala
PEG-Stp/NIS, cMBP2-PEG-Stp/Antisense-NIS or cMBREEZSPStp/NIS and sodium perchlorateéig.

2f).

Immunohistochemical analysis of NIS protein expression after polyplex-mediated gene transfer

Immunohistochemical analysis of NIS protein expassn HuH7 xenografts 48 h after cMET-targeted
polyplex-mediated gene transfer revealed a heteemes staining pattern with multiple clusters oSNI
specific immunoreactivity in tumors of mice thateeved cMBP2-PEG-Stp/NIF-igs. 3a,b). In both
control groups (Ala-PEG-Stp/NIS, cMBP2-PEG-Stp/Aatise-NIS) no specific NIS expression was

detectedFigs. 3c,d), which is comparable to untreated tumaor tisgtig. 3e).

Quantification of NIS mRNA expression by quarititativereal-time PCR analysis

To determineNIS mRNA levels in HuH7 xenograft, mMRNA was analyzgdgoantitative real-time PCR
(gPCR) 48 h after systemic NIS gene trangfag. 3f). High levels ofNIS gene expression were
measured in tumors of cMBP2-PEG-Stp/NIS-treatedenaicd tumors of mice that received the NIS-
specific inhibitor sodium perchlorate before admiirdtion of cMBP2-PEG-Stp/NIS. LoweNIS
expression levels were observed in tumors of mieateéd with Ala-PEG-Stp/NIS. NWIS expression

above background levels were seen in cMBP2-PEGABtiIzense-NIS-treated mice.

Radioiodide therapy studies after cM ET-targeted non-viral NIS gene delivery

Therapeutic efficacy was evaluated after establgtirof an optimal time scheme of repetitive polyple

and ! application. Mice received either cMBP2-PEG-StSNAla-PEG-Stp/NIS or cMBP2-PEG-
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Stp/Antisense-NIS followed by a therapeutic dos&®6 MBq**!i or cMBP2-PEG-Stp/NIS followed
by saline 48 h later. The cycle of gene transfer ralioiodine application was conducted three tiores
days 0/2, 3/5 and 7/9. Mice treated with cMBP2-PEGNIS that received radioiodide showed a
significant delay in tumor growth as compared tacahtrol groupqFig. 4a). This was associated with
markedly improved survivalFig. 4b). While mice of control groups had to be sacrifiethin 3-4
weeks after onset of the therapy trial due to esteestumor growth, mice treated with cMBP2-PEG-

Stp/NIS and®! survived up to nearly 7 weeks.

Immunofluorescence analysis

After therapy, at the end of the observation permatte were ‘sacrificed, tumors dissected and tsssue
further processed for immunofluorescence analy&igi67-specific antibody (green) was used to
determine cell proliferation and an antibody. aghi@®31 (red) labeled blood vessd€lsigs. 5a-d).
Tumors of animals treated with cMBP2-PEG-Stp/NI%ttheceived™®, exhibited a significantly
decreased proliferation and lower blood vessel ileas compared to control groups (cMBP2-PEG-

Stp/NIS+NaCl; cMBP2-PEG-Stp/Antisense-Ni€%: Ala-PEG-Stp/NIS+Y) (Figs. 5e/f).

DISCUSSION

Gene therapy is emerging as a highly promising @agr to disrupt cancer homeostasis through
replacement or silencing of malfunctioning gened arsertion of new genes that directly kill cancer
cells$> % In this context, NIS represents an ideal candidgne for therapeutic intervention. Its unique
capacity to act both as reporter and therapy ghowsaus to monitor biodistribution of functionall$l

expression by multimodal nuclear medicine imagirgdailities and at the same time allows application

of a therapeutic dose df1® ' 3% Currently, the NIS gene therapy concept is beimgluated in
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prostate cancer patients after local adenovirusiatei NIS gene delivery (NCT0078836%7)%
Moreover, the reporter function of NIS is beingtéelsin various protocols in different cancer types,
including head, neck, ovarian and peritoneal cateenonitor biodistribution of genetically enginedr
oncolytic measles virus and mesenchymal stem déég express N8*. However, systemic
application with its potential to target metastatisease requires further improvement of shuttle
systems, as the potential of therapeutic genesgislyhdependent on efficient and tumor-selective
delivery. The delivery pathway from injection sitedistant tumor sites poses several major obstacle
that need to be overcoffie®® Besides nuclease-dependent stability of nuclgitsan blood circulation,
stable complexes of nucleic acid and vector systeed to be formed to_achieve long-term persistence
of systemically applied delivery vehicles. Furtmequirements include an enhanced safety profile for
reduced interactions with blood components and lownuncgenicity as well as high targeting
specificity to minimize effects on non-target cellsd to achieve sufficiently high gene expressawels
specifically in tumor tissue. Additionally, aftenitering the target cell via endocytic cellular Wgta
protection from lysosomal degradation along witficefnt endosomal escape are crucial steps for
intracellular delivery of genetic informatioh*® 49

In our previous preclinical studies, we investigatiee potential of viral and non-viral vector systeto
deliver the NIS gene' to non-thyroidal tumor celfemsystemic applicatidfi®® *" °>>2 viral vectors
represent a highly efficient option due to theldrent capacity to insert their genetic materiad imost
cells, as we have shown using different adenovizators®** 52 However, these vectors bear a series
of limitations including high immunogenicity, ungpic cell tropism and uncontrolled insertion of
DNA into the host genoni& > We further demonstrated the feasibility of noravidelivery vehicles
based on biodegradable pseudodendritic oligoamiaed EGFR-targeted LPEI-PEG-polymers.
Application of pseudodendritic polymers G2-HD-OHI different tumor models led to high NIS-
mediated tumoral iodide accumulation and subsetuénmgh therapeutic efficiency. As there is no

specific targeting ligand, tumor selectivity wasstlp obtained by high intrinsic tumor affinity thrgh
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the so-called “enhanced permeability and retentafféct in these well-vascularized tumors with kpak
blood vessel structut® '® ** Active EGF-receptor targeting of LPEI-PEG-GE11lypeers via the GE11
ligand resulted in high specific iodide accumulatin tumor tissue. Receptor mediated uptake coeld b
confirmed by pretreatment with the EGFR-specifitlady cetuximab showing significant decrease of
polyplex uptake in tumor cells and NIS expres$ioRowever, the main drawbacks of these non-viral
delivery systems are the variable constitution g@odlydispersity as well as limited specificity of
untargeted pseudodendritic oligoamines and thedmeompatibility and long-term toxicity of LPEI-
derivatives. Consequently, for clinical applicatiof synthetic non-viral gene delivery vehicles,sit
indispensable to develop highly defined substamgsimproved efficiency, low immunogenicity and a
precise, constant and easily reproducible structure

These desirable features can be realized througldeélign of riovel sequence-defined polymers with
structure-activity relationships by solid-phasethgsis®, ‘allowing generation of precise backbones and
incorporation of multiple functional groups. Thetiopal balance between the formation of stable
polyplexes and efficient release of DNA'at the ¢argite is obtained by serial synthesis of artfici
amino acid succinoyl-tetraethylenepentamine (Sepeats which contain a diaminoethane motif and
form the basic polymer structiré. This functional site exhibits optimal DNA condatien ability,
equips the polymer with buffering amine functionsdashows enhanced biodegradability and low
toxicity compared to the “gold standard” LPEI. Tenal cysteines further support polyplex stabiliaati
via disulfide bridges. For surface shielding, hyahitic PEG domains are incorporated that reduce non
specific interactions with serum components, theading to a higher safety profile and lower
immunogenicity of polyplexes. Additional histidinas protonatable amino acids with high buffering
capacity are integrated to improve endosomal esioaelequate release of polymers in target céfls
Active ligand-mediated targeting is an elegant métto enhance tumor specificity and thus amplify
transgene expression in tumoral tissues while ieduside effects in non-target orgahsActive

targeting is a prerequisite for clinical applicati@s polymer accumulation in tumor tissue by passi
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targeting is highly dependent on retention effemis leaky vascular structdfe®® As growth factor
receptors are often overexpressed and play a troéan tumor progression, promising candidates t
act as ligands have been developed via phage diaphlysis with a focus on short peptides, as #rey
easy to synthesize and show high receptor affidityprevious studies, we have already shown the
efficacy of the short peptide GE11 for EGFR tamgH >’ Another attractive target receptor in cancer
therapy is cMET/HGFR. High surface expression lewaid activation of cMET in a broad range of
malignancies are implicated in tumor progressiod aretastasis and are often associated with poor
prognosid’. The cMET-binding peptide cMBP2 was identified as ideal ligand with high receptor
affinity that specifically enhances nanoparticleheslon to the target. cell without activating the
receptof 3 3 Peptide ligand specificity was confirmed by higgil binding of cMBP2-polyplexes to
cMET/HGFR over-expressing prostate cancer cells 4#8Jand HCC cells HuH7, in contrast to alanine
ligand control and four different scrambled seqesnci cMBP2 which showed no specific cellular
bindingd’. Furthermore, a novel flow method to“assess thential of peptides to specifically bind to
their receptors demonstrated sequence-specifiCigM@BP2 in binding to the cMET/HGFR expressing
HuH7 HCC cell liné% Therefore, in this study, we selected cMBP2 garldl for our innovative
sequence-defined cMET-targeted polymers to dird& ékpression to HuH7 HCC xenograft mouse
model. The HCC cell line HuH7 represents an aitracplatform for cMET-targeted non-viral gene
delivery due to its high levels of endogenous sagfexpression of cMET/HGFR.

High levels of natural cMET expression on HuH7 £&kere confirmed via flow cytometry analysis and
expression levels were shown to correlate well wnthvitro transfection efficiency of cMET-targeted
polyplexes cMBP2-PEG-Stp/NIS in comparison with kine cMET expressing HCC cell line Hep3B .
Furtherin vitro transfection studies using high cMET/HGFR-expmegdiiuH7 cells revealed an ideal
ratio of 12 protonatable nitrogen groups in theypwr backbone per negatively charged phosphate in

the nucleic acid (N/P), which resulted in optimaickeic acid binding, very low toxicity and highest
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transfection levels. To optimize particle size @A compaction for subsequeit vivo application,
the three-armed non-PEGylated polymer #689 (3-aphs@as added at 30 molar percentage.

As a next step, we took further advantage of tlponter function of NIS to investigate transduction
efficiency of cMET-targeted polyplexds vivo.** gamma camera imaging of vector biodistribution
and functional NIS expression in HuH7 tumor-bearmge revealed a high tumor-specific iodide

uptake of 6.61.6% ID/g in cMBP2-Stp-PEG/NIS-treated mice 48 heiafintravenous polyplex

administration. Significantly lower tumoral iodideccumulation after injection of Ala-PEG-Stp/NIS
polyplexes verified improved tumor-selective tramstibn efficiency of actively targeted polyplexes.
The significantly lower, but measureable iodidealgpt after transfection with untargeted Ala-PEG-
Stp/NIS polyplexes is due to basal transductioitieficy of the untargeted polymer based on passive
targeting effects through the so-called “enhanaaunpability and retention” effect in well-vascuizeil
tumors® ¥ >* The significant differences ¥ uptake of cMET-targeted polyplexes in comparison
untargeted polyplexesn vivo underline the «femarkable targeting-effects of tBP2 ligand.
Pretreatment with the NIS-specific inhibitor. sodiperchlorate in a subgroup of cMBP2-PEG-Stp/NIS-
treated mice as well as an additionial control grdrgated with cMBP2-PEG-Stp/Antisense-NIS
polyplexes led to comparably low iodide uptake desti@ating NIS-specificity. Data obtained &yvivo
biodistribution correlated well with results fromargma camera imaging, showing a tumoral iodide

accumulation of 3£0.5% ID/organ in cMBP2-PEG-Stp/NIS-treated mice Bdst'* application. In

addition, no specific iodide accumulation was obedrin tumors of control mice and non-target organs
confirming tumor specificity of gene delivery veleis based on active cMET-targeting. These results
clearly demonstrate targeting specificity of cMB&2 cMET-binding peptide and the efficacy of our
novel sequence defined polymers as gene delivéngles.

After successfully demonstrating the feasibilitytlois polyplex-mediated NIS gene therapy apprdaach
vitro andin vivo taking advantage of NIS in its function as repogene, we addressed the question

whether tumor-specific transduction is sufficientiigh for a therapeutic effect. After three cyctds
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repetitive polyplex and radioiodide applicatiorsignificant reduction in tumor growth was observwed
mice treated with cMBP2-PEG-Stp/NIS. This was asded with a prolonged survival of up to nearly 7
weeks, whereas animals of control groups had tsabéficed within 3-4 weeks. Immunohistochemical
staining revealed a heterogenous staining pattetim elusters of membrane associated NIS-specific
immunoreactivity. As NIS gene therapy is associatéh a high bystander effect based on the crassfir
effect of the beta-emittéf, the cytotoxic effect is not only limited to trsaiuced cells, but also affects
surrounding cells increasing therapeutic effectdgsnof the NIS gene therapy concept. These findings
were confirmed by immunofluorescence analysis ofdrs after treatment: tumors from animals treated
with cMBP2-PEG-Stp/NIS exhibited reduced cell gegtation and blood vessel density as compared to
all control groups. As the immunofluorescence asialgxperiments were performed at the end of the
observation period, i.e. at different time poimstie control group vs. therapy group, in which enic
were sacrificed at a later stage, other factork ssanouse age, might influence the results. Howesge
mice were sacrificed in the therapy group wheni8gmt regrowth of tumors had occurred, our result
probably even underestimate the antiproliferatind antiangiogenic effects df' therapy following
cMBP2-PEG-Stp/NIS-mediated NIS gene transfer.

In our studies, a therapeutic'dose of 55.5 MBt(1.5 mCi) was us€d?® **based on initial tests on
radiation safety, tolerability’and efficady®? The Food and Drug Administration of the Unite@t8$
(FDA) formulated a table of dose conversion factbet allows for allometric adaption from precliaic
animal models to humans based on body surface(B&&)*°. Using this method, the mouse dose of
55.5 MBq translates to 13.9 GBq (372 mCi) for a g3kuman being, which lies within the
dosimetrically determined dose range (300 mCi — 600i) in patients with advanced metastasized
differentiated thyroid canc® In order to keep potential toxicities at a minimuthe calculated dose
should not represent a fixed applicable dose, luas& range that needs to be adjusted in a pelzehal
manner considering various factors including tlteat@on sensitivity of the tumor, co-morbiditiestbe

patient and pretreatments. In this context, thecepnhof the theranostic application of the NIS gene
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allows optimal adjustment of tH&'i dose based on exact dosimetric calculations sésl@o the tumor
and other organs from radioiodine imaging studeeginit side effects to non-target organs including
bone marrow, spinal cord, salivary glands, uppstrgantestinal tract, kidneys and bladder.

Based on these promising preclinical results, #d orucial step towards clinical application Wik a
toxicity study, specifically designed to assesseptal toxicities arising from cMBP2-PEG-Stp/NIS
application followed by saline df!i application. For this purpose, naive mice witheumnor will be
used, cMBP2-PEG-Stp/NIS will be injected i.v. adlvas directly into critical organs such as theetiv
and lungs, followed by assessment of toxicity bysatal examination, blood and tissue sampling at
early, intermediate and late time points (such agék up to 3 months).

Our data clearly demonstrate the therapeutic efficf cMET-targeted NIS gene therapy. Combined
with our previous results targeting NIS to EGFRtoemor cells using the peptide GE11, this opens the
exciting prospect of a possible future combinatdrihese two targeting agents. The concept of dual
targeting mimicks the natural process of viralwell uptake, as several viruses, including adenses,
target two receptor types for so-called biphasit eertry. The synergistic effects of targeting the
receptors for EGF and transferrin using synthetigmers have already been exploraditro®. Studies
postulating crosstalk betweer EGFR and cMET on@acells further substantiate the potential of dual
targeting of these two receptors, especially as TMEplification has been implicated in resistance
mechanisms to escape EGFR-targeted th&taby

In conclusion, our data demonstrate the enormouenpal of sequence-defined polymers for
cMET-targeted NIS gene delivery. The precise sysithef these novel polymers allows for optimized
transfection efficiency while eliminating adverdéets such as toxicity or high immunogenicity. Hig
CMET expression levels on many cancer cells maiee récteptor an ideal target in cancer therapy.
Combined with the unique theranostic function oSNbur targeting strategy led to significant tunhora
iodide uptake that was sufficient for potent thewtjc effects aftef*!i application. This innovative

concept of active receptor-targeted non-viral geelevery is of high clinical relevance as it optees
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efficacy and safety of systemic NIS gene delivengd @pens the exciting prospect of application in

metastatic disease.

MATERIALSAND METHODS

Cdll culture

The human hepatocellular carcinoma cell line HUHZRB0403; Japanese Collection of Research
Bioresources Cell Bank, Osaka, Japan) was cultur&llbecco’s modified eagle medium (DMEM; 1
g/l glucose; Sigma-Aldrich, St.Louis, Missouri, Us&nd the human hepaiocellular carcinoma cell line
Hep3B (HB-8064; American Type Culture CollectionT@C), Manassas, VA) was cultured in Eagle's
Minimum Essential Medium (EMEM; Sigma-Aldrich). Bomedia were supplemented with 10% (v/v)
fetal bovine serum (FBS Superior, Biochrom/Merckliptire, Berlin, Germany) and 1% (v/v)
penicillin/streptomycin (Sigma-Aldrich).

Cells were maintained at 37°C and 5% ®ar incubator with a relative humidity of 95%elCculture

medium was replaced every second day and cells pessaged at 80% confluency.

Plasmid and polymer synthesis

The expression vector pCpG-hCMV-NIS driven by thenan elongation factorodlpromotor and human
cytomegalovirus enhancer element containing theldogth codon-optimizedNIS cDNA (Geneatrt,
Regensburg, Germany) was generated as describd@dusig’. For allin vitro andin vivo experiments
PNIS-DNA produced and purified by Plasmid Factomlé (Bielefeld, Germany) was used. Synthesis
of polymers was carried out as described previduashd polymers were used as 5 mg/ml stock

solutions.

© 2016 The American Society of Gene & Cell Therapy. All rights reserved



Polyplex for mation

For polyplex formation the sequence-defined hisgildited cMET-targeted polymer (cMBP2-PEG-Stp)
or a control polymer with alanine instead of thgatid (Ala-PEG-Stp) and a PEG-free three-armed
polymer (3-arm-Stp, #689) in a molar ratio of 70t80compact polyplexes were uée@he polymer
blend and plasmid DNA (pDNA) were diluted in sanmunes of HEPES buffered glucose (HBG: 20
mmol/l HEPES, 5% glucose (w/v) at pH 7.4). Polymerse added to the DNA by rapid mixing at a
N/P (nitrogen/phosphate) ratio (w/w) of 12 and ipaied at room temperature for 30 minutes before
use. For calculation, only protonatable nitrogeougs were considered. Final. DNA concentrationitior

vitro studies was 2 pg/ml, fon vivo studies 200 pg/ml.

Transient transfection and *#I uptake assay

To measure the transduction efficiency, cells vggmavn to 60-80% confluency (2x1BluH7 or Hep3B
cells/well in 6-well-plates) and incubated for 4uh® with DNA/polymer-solutions in serum- and
antibiotic-free medium. Medium was then changedhdomal growth medium and, 24 h later, iodide
uptake activity was’ measured. NIS-mediatéd uptake assays were performed as described
previously>. Results were normalized to cell survival measumgdell viability assay (see below) and

expressed as cpm/A620.

Cell viability assay

Cells were incubated with a commercially availaM&T reagent (Sigma-Aldrich) for 2 h at 37°C

followed by a washing step with PBS (phosphatedyefi saline). Cell viability was measured after
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incubation with 10% DMSO (dimethyl sulfoxide) inoropanol at 620 nm in a Sunrise microplate

absorbance reader (Tecan, Mannedorf, Switzerland).

Flow cytometry analysis

Cell surface cMET/HGF-receptor expression levelsewgiantified by flow cytometry analysis. HUH7-
cells and Hep3B cells were detached with trypsith washed with FACS buffer (PBS with 10% FBS).
Cells were incubated with an antibody that detéctsran cMET/HGFR (1:200; monoclonal mouse
IgG1l, R&D Systems, Minneapolis, USA) for 1 h on.ig&s negative. control, an IgG-anti-mouse
antibody (BD Bioscience, Franklin Lakes, USA) wased. After inCubation, cells were washed with
FACS-buffer, stained with an AlexaFluor 488-labelgdat .anti-mouse secondary antibody (1:400;
Jackson ImmunoResearch, West Grove, PennsylvaBia) &r 1 h on ice, washed and resuspended in
FACS buffer. Analysis was performed on a BB AcE(irC6 flow cytometer (BD Bioscience, Franklin
Lakes, USA). Cells were gated by forward/sidewaatter and pulse width for exclusion of doublets. P

(propidium iodine, Sigma-Aldrich) was used for disgnation between viable and dead cells.

Establishment of subcutanecus HUH7 tumors

HuH7 xenografts were established in 6-week-old ten@D-1 nu/nu mice (Charles River, Sulzfeld,
Germany) by subcutaneous injection of 5X#0H7 cells suspended in 100 pl of PBS into thekflan
region. Animals were maintained under specific pgém-free conditions with access to mouse chow
and waterad libitum. Before radionuclide application, mice were prated with L-T4 (L-thyroxine, 5
mg/I; Sigma-Aldrich) in drinking water to reducelide uptake in the thyroid gland.

Tumor measurements were performed regularly andrtwolume was estimated using the equation:

length x width x height x 0.52. Animals were sacafl when the tumor volume reached a size of
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1500 mni or tumors necrotized. The experimental protoca wpproved by the regional governmental
commission for animals (Regierung von Oberbayemy all animal experiments were carried out

according to the guidelines of the German law otgution of animal life.

In vivo radioiodide imaging and biodistribution studies after NIS gene transfer

When subcutaneous HuH7 tumors reached a size df516vm in diameter, polyplex solutions
containing 50ug of pNIS-DNA were applied via the tail vein. Aniteavere divided into three groups

and treated either with cMBP2-PEG-Stp/NIS (n=131B&2-PEG-Stp/Antisense-NIS (n=5) or Ala-
PEG-Stp/NIS (n=5). 48 hours after polyplex admnaigbn, mice received an intraperitoneal injectodn
18.5 MBq'*. To determine NIS specificity, a subgroup of cMBPEG-Stp/NIS-treated mice received
NaClQ, (sodium perchlorate; 2 mg/mouse; Sigma-Aldrich\I&-specific inhibitor, 30 min prior to
radioiodide application (n=6). Vector biodistritati and tumoral NIS expression were determined by
measuring the iodide uptake by serial gamma cam&ging (e.cam, Siemens, Munich, Germany; with
a low-energy high resolution collimator). Regiorfsimterest were quantified by using the software
HERMES GOLD (Hermes Medical Solutions, Stockholwgefien) and are shown as percent of injected

iodide dose per gram tumor tissue (% ID/g).

Ex vivo biodistribution studies

For ex vivo Dbiodistribution studies, mice of the cMBP2-PEG/Si§ group (n=6),
cMBP2-PEG-Stp/NIS+NaClp (n=3) group, cMBP2-PEG-Stp/Antisense-NIS group (n=8r

Ala-PEG-Stp/NIS group (n=3) received 18.5 MBJ to detect iodide accumulation in the tumor and

non-target organs. 3 h after injection 6fl, mice were sacrificed and organs were dissectetl a
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measured in a Packard Cobra Quantum Gamma Co@té, Ramsey, Minnesota, USA). Results are

presented as percent injected dose per organ (etg@xq).

Immunohistochemical NI'S staining

Immunohistochemical NIS staining was performed @seatted frozen tissues of HUH7 tumors 48 h
after systemic administration of polyplexes. A Ndfecific mouse monoclonal antibody (Millipore,
Darmstadt, Germany; 1:1000) was used for NIS deteadnd staining was performed as described
previously® Sections were imaged on an Olympus BX41 microsd@igmpus, Shimjukum Tokio,

Japan) equipped with an Olympus XC30 CCD camergn(@us).

Radioiodide therapy study in vivo

Therapy studies started when subcutaneous HuH7rsureached a size of 5-6 mm. Three cycles of
polyplex administration were performed on day @n8 7. Mice received either cMBP2-PEG-Stp/NIS
(n=10), cMBP2-PEG-Stp/Antisense-NIS (n=6) or Ala&?EGtp/NIS (n=6) followed by an
intraperitoneal application of 55.5 MBG" 48 h later. As additional controls mice receiveBP2-
PEG-Stp/NIS followed by saline (NaCl; n=9). Mous&rvéval was defined by a maximum tumor

volume of 1500 mrhat which animals had to be sacrificed.

Analysis of NIS mRNA expression

For quantification of NIS expression, total RNA wsslated from HuH7 tumors using the RNeasy Mini

Kit (Quiagen, Hilden, Germany) according to the ofanturer's recommendations. Reverse

transcription was performed using SuperScript liist<Strand Synthesis System (Thermo Fisher
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Scientific, Waltham, Massachusetts, USA). Quartiateal-time PCR was run with the QuantiTect
SYBR Green PCR Kit (Qiagen) in a Mastercycler epdggnt S PCR cycler (Eppendorf, Hamburg,
Germany). Relative expression levels were calcdl&tem AACt values normalised to intern@actin.
The following primers were used:

hNIS. (5’ ACACCTTCTGGACCTTCGTG-3') and (5-GTCGCAGTCGGTAGAACA-3),

p-Actin: (5’ AGAAAATCTGGCACCACACC-3’) and (5-TAGCACAGCCTG@ATAGCAA-3)

Indirect immunofluor escense assay

After treatment, at the end of the observationqeerimmunofluorescence staining was performed on
dissected frozen tissues, which were fixed in 80&thanol at.4°C for 5 min and acetone at -20°C for 2
min. After rehydration in PBS and blocking with%2ovine serum albumin/PBS for 30 min at room
temperature, incubation with a rabbit polyclonailardy against human Ki67 (Abcam, Cambridge, UK;
dilution 1:1000) and a rat monoclonal antibody agaimouse CD31 (BD Pharmingen, Heidelberg,
Germany; dilution 1:200) was performed. This wdbWed by incubation with a secondary anti-rabbit
Alexa488-conjugated antibody (Jackson ImmunoRekedkest Grove, Pennsylvania, USA) for Ki67
staining and secondary anti-rat Cy3-conjugatedady (Jackson ImmunoResearch) for CD31 staining.
Nuclei were counterstained with Hoechst bisbenzém{@ mg/ml) and sections were embedded in
Fluorescent Mounting Medium (Dako, Hamburg, Germa®yained sections were examined using an
Axiovert 135 TV fluorescence microscope equippedhwan AxioCam MRm CCD camera and
AxioVision Re. 4.8. software (Carl Zeiss, Munichef@any). Quantification of proliferation (Ki67-
staining) and blood vessel density (CD31-stainivg}y performed by evaluation of 6 visual fields per

tumor using ImageJ software (NIH).
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Statistical methods

All in vitro experiments were carried out at least in tripisatResults are expressed as mean + SEM,
mean fold change + SEM and, for survival plotsparcent. Statistical significance was calculated by
two-tailed Student’s t-test famn vitro and ex vivo experiments or Mann-Whitney U test for vivo

experimentsP values<0.05 were considered significanpf0.05, **p<0.01, ***p<0.001).
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FIGURE LEGENDS

Figure 1 cMET/HGFR-targeted NIS gene transfer in vitro

Surface expression of cMET/HGFR on HuHyjJ &nd Hep3B cellsh) was analyzed by flow cytometry
with an antibody that specifically detects humanEIVYHGFR and compared to isotype contrdfsl
uptake levels were measured in HUH7 and Hep3B a#tés n vitro transduction with cMBP2-PEG-
Stp/NIS polyplexes (n=3) at an N/P ratio of 12 aesllts correlated well with cMET/HGFR expression
levels €). Further, to identify receptor specificity andNdlependency of iodide uptake, HUH7 cells
were transfected with untargeted polyplexes Ala-FE@NIS (n=3), cMBP2-PEG-Stp/Antisense-NIS
(n=3) and polymer without DNA (n=3) (0.05; **p<0.01) ¢). Cell viability was not affected by
polyplex-mediated gene transfer, as determined By Bissay. (n=3)f]. Results are reported as mean +

SEM.

Figure 2 In vivo and ex vivo iodide uptake studies

48 h after polyplex administration, vector biodistition in mice bearing subcutaneous HuH7 xenograft
was analyzed by*3-scintigraphy.-Tumoral iodide uptake of cMBP2-PBG/NIS-treated mice (n=9)
(a), Ala-PEG-Stp/NIS-treated mice, where the targetigand was replaced by alanine (n=b), (and
cMBP2-PEG-Stp/Antisense-NIS treated mice (n=))was measured 3 h post radioiodide injection. A
subset of cMBP2-PEG-Stp/NIS-treated mice was patttewith the NIS-specific inhibitor perchlorate
30 min beforé® application (n=6) q). lodide accumulation in tumors over the time #mel biological
half-life of % were monitored by serial scanning).(Ex vivo biodistribution was performed 3 h after
injection of the radionuclide. Organs of cMBP2-PE@/NIS-treated mice without (n=6) and with
sodium-perchlorate-pretreatment (n=3), Ala-PEG{$ip/treated mice (n=3) and cMBP2-PEG-

123|

Stp/Antisense-NIS-treated mice (n=3) were disseced accumulation in single organs was

measured by gamma-countirf) Results are reported as mean + SEM.
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Figure 3 Analysis of NISmRNA expression in HUH7 tumors

NIS protein expression in HUH7 xenografts was aredyby immunohistochemistry 48 h after cMET-
targeted polyplex-mediated gene transfer on frameror section from mice that received cMBP2-Stp-
PEG/NIS &, b), from mice that received control polyplexes (ABG-Stp/NIS ¢), cMBP2-PEG-
Stp/Antisense-NISd)) and from untreated mice)( Scale bar=100 pum.

Tumoral NIS mRNA expression levels after applicatiof cMBP2-PEG-Stp/NIS with and without
sodium-perchlorate-pretreatment, Ala-PEG-Stp/NIS d actMBP2-PEG-Stp/Antisense-NIS  were

examined by gPCRY

Figure 4 In vivo therapeutic efficacy

The cycle of intravenous gene transfer and radidea@pplication was conducted three times on day
0/2, 3/5 and 7/9. Mice were treated either with dABPEG-Stp/NIS and 55.5 MBY{ (n=10),
cMBP2-PEG-Stp/NIS followed by application of Na®EQ), Ala-PEG-Stp/NIS¥Y (n=6) or cMBP2-
PEG-Stp/Antisense-NIS#1 (n=6). “Tumor volumes & and animal survival (Kaplan-Meier-Plot
(** p<0.01)) p) of the different therapy groups were comparedsuRe are either reported as mean +

SEM for tumor volumes or in percent for survivabigl

Figure 5 Immunofluorescence analysis

After treatment, when tumors reached a size of &B60) mice were sacrificed and tumors dissected.
Frozen sections of tumor tissue were stained wili6g-specific antibody (green) to determine cell
proliferation and an antibody against CD31 (red)atzel blood vesselsa{d). Tumor cell proliferation
(e) and blood vessel densitf) {n tumors from animals treated with cMBP2-PEG/Btf that received

134 (n=10) were compared to control groups treateith wMBP2-PEG-Stp/NIS+NaCl (n=8), Ala-PEG-
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Stp/NIS#3Y (n=6) or cMBP2-PEG-Stp/Antisense-NIS% (n=6). Nuclei were counterstained with

Hoechst. Results are reported as mean £ SEM. 8asd 00 um
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Figure 2
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ACCEPTED ARTICLE PREVIEW

Figure 3
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Figure 4
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Figure 5
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