
 

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

ACCEPTED ARTICLE PREVIEW 

Sequence-defined cMET/HGFR-targeted polymers as gene delivery vehicles 
for the theranostic sodium iodide symporter (NIS) gene 
 

 

Sarah Urnauer, Stephan Morys, Ana Krhac Levacic, Andrea M. Müller, 
Christina Schug, Kathrin A. Schmohl, Nathalie Schwenk, Christian Zach, 
Janette Carlsen, Peter Bartenstein, Ernst Wagner, Christine Spitzweg 

 

Cite this article as: Sarah Urnauer, Stephan Morys, Ana Krhac Levacic, Andrea M. Müller, Christina 
Schug, Kathrin A. Schmohl, Nathalie Schwenk, Christian Zach, Janette Carlsen, Peter Bartenstein, 
Ernst Wagner, Christine Spitzweg, Sequence-defined cMET/HGFR-targeted polymers as gene 
delivery vehicles for the theranostic sodium iodide symporter (NIS) gene, Molecular Therapy 
accepted article preview online 09 May 2016; doi:10.1038/mt.2016.95 
 
This is a PDF file of an unedited peer-reviewed manuscript that has been accepted for publication. 
NPG is providing this early version of the manuscript as a service to our customers. The manuscript 
will undergo copyediting, typesetting and a proof review before it is published in its final form. 
Please note that during the production process errors may be discovered which could affect the 
content, and all legal disclaimers apply. 
 

Received 22 February 2016; accepted 29 April 2016; Accepted article preview online 09 May 2016 

 

Accepted Article Preview: Published ahead of advance online publication 

Accepted m
anuscrip

t



ACCEPTED ARTICLE PREVIEW 

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

Sequence-defined cMET/HGFR-targeted polymers as gene delivery vehicles for the theranostic 

sodium iodide symporter (NIS) gene 

Sarah Urnauer1, Stephan Morys2, Ana Krhac Levacic2, Andrea M. Müller1, Christina Schug1, Kathrin A. 

Schmohl1, Nathalie Schwenk1, Christian Zach3, Janette Carlsen3, Peter Bartenstein3, Ernst Wagner2, 

Christine Spitzweg1 

1Department of Internal Medicine II, 2Department of Pharmacy, Center of Drug Research, 

Pharmaceutical Biotechnology, 3Department of Nuclear Medicine, LMU Munich, Germany 

 

Correspondence should be addressed to C.S. (christine.spitzweg@med.uni-muenchen.de) and E.W. 

(ernst.wagner@cup.uni-muenchen.de)  

 

The laboratory work was done at the Department of Internal Medicine II and the Department of 

Pharmacy, LMU Munich, Germany. 

 

Short title: Systemic non-viral NIS gene transfer 

 

Correspondence and reprint requests: 

 

Christine Spitzweg, Department of Internal Medicine II, University Hospital of Munich, 

Marchioninistr.15, 81377 Munich, Germany; Phone: +49-89-4400-0; Fax: +49-89-4400-78737; 

E-Mail: christine.spitzweg@med.uni-muenchen.de 

Accepted m
anuscrip

t



ACCEPTED ARTICLE PREVIEW 

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

 

Ernst Wagner, Department of Pharmacy, Center of Drug Research, Pharmaceutical Biotechnology, 

LMU Munich, Butenandstr.5-13, 81377 Munich, Germany; Phone: +49-89-2120-77840; Fax: +49-89-

2120-77791;E-Mail:ernst.wagner@cup.uni-muenchen.de 

Accepted m
anuscrip

t



ACCEPTED ARTICLE PREVIEW 

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

ABSTRACT 

 

The sodium iodide symporter (NIS) as well characterized theranostic gene represents an outstanding tool 

to target different cancer types allowing non-invasive imaging of functional NIS expression and 

therapeutic radioiodide application. Based on its overexpression on the surface of most cancer types, the 

cMET/hepatocyte growth factor receptor serves as ideal target for tumor-selective gene delivery. 

Sequence-defined polymers as non-viral gene delivery vehicles comprising polyethylene glycol (PEG) 

and cationic (oligoethanoamino) amide cores coupled with a cMET-binding peptide (cMBP2) were 

complexed with NIS-DNA and tested for receptor-specificity, transduction efficiency and therapeutic 

efficacy in hepatocellular cancer cells HuH7. In vitro iodide uptake studies demonstrated high 

transduction efficiency and cMET-specificity of NIS-encoding polyplexes (cMBP2-PEG-Stp/NIS) 

compared to polyplexes without targeting ligand (Ala-PEG-Stp/NIS) and without coding DNA (cMBP2-

PEG-Stp/Antisense-NIS). Tumor recruitment and vector biodistribution were investigated in vivo in a 

subcutaneous xenograft mouse model showing high tumor-selective iodide accumulation in cMBP2-

PEG-Stp/NIS-treated mice (6.6±1.6% ID/g 123I, biological half-life 3 h) by 123I-scintigraphy. Therapy 

studies with 3 cycles of polyplexes and 131I application resulted in significant delay in tumor growth and 

prolonged survival. These data demonstrate the enormous potential of cMET-targeted sequence-defined 

polymers combined with the unique theranostic function of NIS allowing for optimized transfection 

efficiency while eliminating toxicity. 
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INTRODUCTION 

 

As cancer is one of the leading causes of death both in developed and developing countries1, new 

therapy approaches are urgently needed, especially for cancer types with poor prognosis, where surgery, 

chemo- and radiotherapy often prove ineffective, such as advanced hepatocellular cancer2. Gene therapy 

with its broad potential to interact and interfere with aberrant physiological processes has emerged as a 

powerful tool in oncology in recent years3. However, gene therapy still faces hurdles that strongly limit 

its application4. Low tumor selectivity of gene delivery vehicles, immunoreactions after systemic 

application and limited effectiveness of therapy genes have driven the search for novel biodegradable 

vectors with improved safety profile and enhanced transduction efficiency5-9. 

Based on its theranostic function, the sodium iodide symporter (NIS) represents an ideal therapeutic 

gene9-12. The unique combination of reporter and therapy gene characteristics allows non-invasive 

imaging of vector biodistribution and functional NIS expression at tumor sites by 123I-scintigraphy and 

124I-/18F-tetrafluoroborate positron emission tomography (PET) as well as exact dosimetric calculations 

before the assessment of therapeutic efficacy after application of 131I. Several groups including our own 

have successfully demonstrated the capacity of NIS to induce radioiodide accumulation in different non-

thyroidal tumor models mediated by various gene delivery vehicles, including mesenchymal stem cells 

as well as viral and non-viral vectors13-28. 

Further improvement of the NIS gene therapy concept is focused on generation of new shuttle systems 

with advanced efficiency, specificity and low cytotoxicity. Cationic polymers as a major sector of non-

viral vectors offer the advantages of low immunogenicity, good nucleic acid binding and easy up-

scaling29. In order to improve performance for systemic application and further enhance transduction 

efficiency, various design strategies have been developed for the synthesis of novel sequence-defined 

polymers. In this context, we generated small, well biocompatible polymer backbones with precisely 
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integrated functional groups. These include cationic (oligoethanoamino) amide cores for nucleic acid 

binding, polyethylene glycol (PEG) linkers for surface shielding, targeting ligands for cell binding and 

protonatable amino acids with buffer function for a higher rate of endosomal escape, leading to 

optimized and DNA carrier-improved systems for systemic administration5-7.  

Selective active ligand-mediated tumor-targeting represents an elegant method to further enhance tumor 

specificity, making use of aberrant tumor physiology that is often accompanied by up-regulation of 

various receptors on the surface of tumor cells, such as the epidermal growth factor receptor (EGFR)30. 

We recently reported efficient EGFR-targeting with viral and non-viral gene delivery vehicles, which 

resulted in high tumoral iodide uptake after systemic NIS gene transfer that was sufficient for a delay in 

tumor growth and prolonged survival in a subcutaneous hepatocellular cancer xenograft mouse model14, 

17. Another attractive and important target in cancer therapy is the receptor tyrosine kinase 

cMET/hepatocyte growth factor receptor (HGFR). High surface expression levels and activation of 

cMET/HGFR in a broad range of malignancies are implicated in tumor progression and are often 

associated with poor prognosis31. In order to target non-viral gene delivery vehicles to cMET/HGFR, a 

cMET-binding peptide (cMBP2) was developed via phage-display screening and further identified as 

ideal ligand with high receptor affinity that specifically enhances nanoparticle adhesion to the target 

cell7, 32-34.  

In the current study, we combined the NIS gene therapy concept with novel sequence-defined polymers 

as non-viral gene delivery vehicles coupled to cMBP2. Based on the dual function of NIS, the potential 

of this cMET-targeted gene therapy approach was investigated by non-invasive imaging of vector 

biodistribution and transduction efficiency in a subcutaneous hepatocellular carcinoma mouse model. 

Subsequently, therapeutic efficacy was assessed by monitoring tumor growth after application of a 

therapeutic dose of 131I. 
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RESULTS  

In vitro cMET-targeted NIS-gene transfer in HuH7 and Hep3B cells 

 

cMET/HGFR expression levels on the cell surface of HuH7 and Hep3B cells were detected by flow 

cytometry (Figs. 1a,b). High cMET/HGFR expression levels on HuH7 cells correlated well with high 

levels of transduction efficiency after incubation with cMET-targeted PEGylated polyplexes cMBP2-

PEG-Stp/NIS (Stp=succinoyl-tetraethylene pentamine), while significantly lower transgene expression 

levels were obtained after transfection of low cMET/HGFR expressing Hep3B cells (Fig. 1c). This led 

to the selection of the HuH7 cell line as model system for further in vitro and in vivo experiments. 

Transduction conditions were optimized by measurement of perchlorate-sensitive iodide uptake activity 

24 h after NIS gene transfer and best conditions with lowest cytotoxicity were used in all subsequent 

experiments. Incubation of HuH7 cells with cMBP2-PEG-Stp/NIS polyplexes resulted in a 12-fold 

increase in 125I uptake compared to empty polymers, which was completely blocked upon treatment with 

the NIS-specific inhibitor sodium perchlorate. In contrast, replacement of the targeting ligand cMBP2 by 

alanine (Ala-PEG-Stp/NIS) showed a significantly lower iodide uptake activity, demonstrating targeting 

specificity of the targeting ligand cMBP2. No iodide uptake above background levels was seen in HuH7 

cells transfected with empty polymers cMBP2-PEG-Stp and cMBP2-PEG-Stp/Antisense-NIS (Fig. 1d). 

Results were normalized to cell viability. Cell viability was not affected by polyplex-mediated gene 

transfer (Fig. 1e). 

 

In vivo iodide uptake studies after systemic NIS gene transfer 

 

To evaluate vector biodistribution and functional NIS expression after cMET-targeted gene transfer in 

HuH7 tumor-bearing mice, animals received an intraperitoneal dose of 123I 24 h or 48 h after intravenous 

application of polyplexes. Radioiodide biodistribution was assessed by gamma camera imaging and 
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regions of interest were quantified. A considerably higher tumoral iodide uptake was observed in tumors 

of mice that received 123I 48 h after application of cMBP2-PEG-Stp/NIS polyplexes as compared to 24 h 

(data not shown).  For all subsequent in vivo experiments, radionuclide application was conducted 48 h 

after polyplex administration. 

In contrast to high levels of radionuclide accumulation in 80% (7 out of 9) of tumors of mice treated 

with cMBP2-PEG-Stp/NIS (Fig. 2a), tumors of mice injected with the untargeted control polyplex 

Ala-PEG-Stp/NIS exhibited only weak tumoral iodide accumulation (Fig. 2b). No tumoral iodide uptake 

above background levels was measured after treatment with cMBP2-PEG-Stp/Antisense-NIS polyplexes 

(Fig. 2c). Physiological expression of NIS in thyroid and stomach resulted in iodide accumulation in 

theses tissues and, due to renal elimination of radioiodide, iodide uptake was also observed in the 

bladder. No additional iodide uptake was recorded in non-targeted organs such as lung, liver, kidney and 

spleen. NIS-specificity was confirmed by intraperitoneal application of the NIS-specific inhibitor 

sodium perchlorate 30 min prior to radionuclide application, which resulted in an almost complete 

inhibition of iodide uptake in the tumor and organs that physiologically express NIS (Fig. 2d). Serial 

scanning revealed a maximal 123I accumulation of 6.6±1.6% ID/g (percentage of the injected dose per 

gram tumor) in NIS-transduced HuH7 xenografts with a biological half-life of 3 h (Fig. 2e). A tumor-

absorbed dose of 41 mGy/MBq/g tumor with an effective half-life of 3 h for 131I was calculated. 

 

Ex vivo biodistribution studies after systemic NIS gene transfer 

 

Ex vivo biodistribution was performed to further assess tumor-specific iodide uptake after systemic 

polyplex administration. 3 h after 123I application, mice were sacrificed, organs dissected and 

subsequently measured in a gamma counter. Ex vivo biodistribution results correlated well with gamma 

imaging results, showing a perchlorate-sensitive tumoral radioiodide uptake of 3% of the injected dose 

per organ in cMBP2-PEG-Stp/NIS-treated mice 3 h after injection of the radionuclide. Moreover, almost 
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no iodide uptake was detected in non-target organs and tumors of control mice that received either Ala-

PEG-Stp/NIS, cMBP2-PEG-Stp/Antisense-NIS or cMBP2-PEG-Stp/NIS and sodium perchlorate (Fig. 

2f). 

 

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

 

Immunohistochemical analysis of NIS protein expression in HuH7 xenografts 48 h after cMET-targeted 

polyplex-mediated gene transfer revealed a heterogeneous staining pattern with multiple clusters of NIS-

specific immunoreactivity in tumors of mice that received cMBP2-PEG-Stp/NIS (Figs. 3a,b). In both 

control groups (Ala-PEG-Stp/NIS, cMBP2-PEG-Stp/Antisense-NIS) no specific NIS expression was 

detected (Figs. 3c,d), which is comparable to untreated tumor tissue (Fig. 3e). 

 

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

 

To determine NIS mRNA levels in HuH7 xenograft, mRNA was analyzed by quantitative real-time PCR 

(qPCR) 48 h after systemic NIS gene transfer (Fig. 3f). High levels of NIS gene expression were 

measured in tumors of cMBP2-PEG-Stp/NIS-treated mice and tumors of mice that received the NIS-

specific inhibitor sodium perchlorate before administration of cMBP2-PEG-Stp/NIS. Lower NIS 

expression levels were observed in tumors of mice treated with Ala-PEG-Stp/NIS. No NIS expression 

above background levels were seen in cMBP2-PEG-Stp/Antisense-NIS-treated mice. 

 

Radioiodide therapy studies after cMET-targeted non-viral NIS gene delivery 

 

Therapeutic efficacy was evaluated after establishment of an optimal time scheme of repetitive polyplex 

and 131I application. Mice received either cMBP2-PEG-Stp/NIS, Ala-PEG-Stp/NIS or cMBP2-PEG-
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Stp/Antisense-NIS followed by a therapeutic dose of 55.5 MBq 131I or cMBP2-PEG-Stp/NIS followed 

by saline 48 h later. The cycle of gene transfer and radioiodine application was conducted three times on 

days 0/2, 3/5 and 7/9. Mice treated with cMBP2-PEG-Stp/NIS that received radioiodide showed a 

significant delay in tumor growth as compared to all control groups (Fig. 4a). This was associated with 

markedly improved survival (Fig. 4b). While mice of control groups had to be sacrificed within 3-4 

weeks after onset of the therapy trial due to excessive tumor growth, mice treated with cMBP2-PEG-

Stp/NIS and 131I survived up to nearly 7 weeks.  

 

Immunofluorescence analysis 

 

After therapy, at the end of the observation period, mice were sacrificed, tumors dissected and tissues 

further processed for immunofluorescence analysis. A Ki67-specific antibody (green) was used to 

determine cell proliferation and an antibody against CD31 (red) labeled blood vessels (Figs. 5a-d). 

Tumors of animals treated with cMBP2-PEG-Stp/NIS that received 131I, exhibited a significantly 

decreased proliferation and lower blood vessel density as compared to control groups (cMBP2-PEG-

Stp/NIS+NaCl; cMBP2-PEG-Stp/Antisense-NIS+131I; Ala-PEG-Stp/NIS+131I) (Figs. 5e,f).  

 

DISCUSSION 

 

Gene therapy is emerging as a highly promising approach to disrupt cancer homeostasis through 

replacement or silencing of malfunctioning genes and insertion of new genes that directly kill cancer 

cells35, 36. In this context, NIS represents an ideal candidate gene for therapeutic intervention. Its unique 

capacity to act both as reporter and therapy gene allows us to monitor biodistribution of functional NIS 

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

of a therapeutic dose of 131I9, 12, 37-40. Currently, the NIS gene therapy concept is being evaluated in 
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prostate cancer patients after local adenovirus-mediated NIS gene delivery (NCT00788307)41, 42. 

Moreover, the reporter function of NIS is being tested in various protocols in different cancer types, 

including head, neck, ovarian and peritoneal cancer to monitor biodistribution of genetically engineered 

oncolytic measles virus and mesenchymal stem cells that express NIS43-47. However, systemic 

application with its potential to target metastatic disease requires further improvement of shuttle 

systems, as the potential of therapeutic genes is highly dependent on efficient and tumor-selective 

delivery. The delivery pathway from injection site to distant tumor sites poses several major obstacles 

that need to be overcome48, 49. Besides nuclease-dependent stability of nucleic acids in blood circulation, 

stable complexes of nucleic acid and vector system need to be formed to achieve long-term persistence 

of systemically applied delivery vehicles. Further requirements include an enhanced safety profile for 

reduced interactions with blood components and low immunogenicity as well as high targeting 

specificity to minimize effects on non-target cells and to achieve sufficiently high gene expression levels 

specifically in tumor tissue. Additionally, after entering the target cell via endocytic cellular uptake, 

protection from lysosomal degradation along with efficient endosomal escape are crucial steps for 

intracellular delivery of genetic information29, 48, 49.  

In our previous preclinical studies, we investigated the potential of viral and non-viral vector systems to 

deliver the NIS gene to non-thyroidal tumor cells after systemic application13-23, 37, 50-52. Viral vectors 

represent a highly efficient option due to their inherent capacity to insert their genetic material into host 

cells, as we have shown using different adenoviral vectors13-15, 19, 52. However, these vectors bear a series 

of limitations including high immunogenicity, unspecific cell tropism and uncontrolled insertion of 

DNA into the host genome29, 53. We further demonstrated the feasibility of non-viral delivery vehicles 

based on biodegradable pseudodendritic oligoamines and EGFR-targeted LPEI-PEG-polymers. 

Application of pseudodendritic polymers G2-HD-OEI in different tumor models led to high NIS-

mediated tumoral iodide accumulation and subsequently high therapeutic efficiency. As there is no 

specific targeting ligand, tumor selectivity was mostly obtained by high intrinsic tumor affinity through 
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the so-called “enhanced permeability and retention” effect in these well-vascularized tumors with leaky 

blood vessel structure16, 18, 54. Active EGF-receptor targeting of LPEI-PEG-GE11 polymers via the GE11 

ligand resulted in high specific iodide accumulation in tumor tissue. Receptor mediated uptake could be 

confirmed by pretreatment with the EGFR-specific antibody cetuximab showing significant decrease of 

polyplex uptake in tumor cells and NIS expression17. However, the main drawbacks of these non-viral 

delivery systems are the variable constitution and polydispersity as well as limited specificity of 

untargeted pseudodendritic oligoamines and the low biocompatibility and long-term toxicity of LPEI-

derivatives. Consequently, for clinical application of synthetic non-viral gene delivery vehicles, it is 

indispensable to develop highly defined substances with improved efficiency, low immunogenicity and a 

precise, constant and easily reproducible structure.  

These desirable features can be realized through the design of novel sequence-defined polymers with 

structure-activity relationships by solid-phase synthesis55, allowing generation of precise backbones and 

incorporation of multiple functional groups. The optimal balance between the formation of stable 

polyplexes and efficient release of DNA at the target site is obtained by serial synthesis of artificial 

amino acid succinoyl-tetraethylenepentamine (Stp) repeats which contain a diaminoethane motif and 

form the basic polymer structure6, 7. This functional site exhibits optimal DNA condensation ability, 

equips the polymer with buffering amine functions and shows enhanced biodegradability and low 

toxicity compared to the “gold standard” LPEI. Terminal cysteines further support polyplex stabilization 

via disulfide bridges. For surface shielding, hydrophilic PEG domains are incorporated that reduce non-

specific interactions with serum components, thus leading to a higher safety profile and lower 

immunogenicity of polyplexes. Additional histidines as protonatable amino acids with high buffering 

capacity are integrated to improve endosomal escape for adequate release of polymers in target cells7, 56.  

Active ligand-mediated targeting is an elegant method to enhance tumor specificity and thus amplify 

transgene expression in tumoral tissues while reducing side effects in non-target organs49. Active 

targeting is a prerequisite for clinical application, as polymer accumulation in tumor tissue by passive 
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targeting is highly dependent on retention effects and leaky vascular structure57, 58. As growth factor 

receptors are often overexpressed and play a crucial role in tumor progression, promising candidates that 

act as ligands have been developed via phage display analysis with a focus on short peptides, as they are 

easy to synthesize and show high receptor affinity. In previous studies, we have already shown the 

efficacy of the short peptide GE11 for EGFR targeting14, 17. Another attractive target receptor in cancer 

therapy is cMET/HGFR. High surface expression levels and activation of cMET in a broad range of 

malignancies are implicated in tumor progression and metastasis and are often associated with poor 

prognosis31. The cMET-binding peptide cMBP2 was identified as an ideal ligand with high receptor 

affinity that specifically enhances nanoparticle adhesion to the target cell without activating the 

receptor7, 32, 33. Peptide ligand specificity was confirmed by high cell binding of cMBP2-polyplexes to 

cMET/HGFR over-expressing prostate cancer cells DU1457 and HCC cells HuH7, in contrast to alanine 

ligand control and four different scrambled sequences of cMBP2 which showed no specific cellular 

binding6. Furthermore, a novel flow method to assess the potential of peptides to specifically bind to 

their receptors demonstrated sequence-specificity of cMBP2 in binding to the cMET/HGFR expressing 

HuH7 HCC cell line32. Therefore, in this study, we selected cMBP2 as ligand for our innovative 

sequence-defined cMET-targeted polymers to direct NIS expression to HuH7 HCC xenograft mouse 

model. The HCC cell line HuH7 represents an attractive platform for cMET-targeted non-viral gene 

delivery due to its high levels of endogenous surface expression of cMET/HGFR.  

High levels of natural cMET expression on HuH7 cells were confirmed via flow cytometry analysis and 

expression levels were shown to correlate well with in vitro transfection efficiency of cMET-targeted 

polyplexes cMBP2-PEG-Stp/NIS in comparison with the low cMET expressing HCC cell line Hep3B . 

Further in vitro transfection studies using high cMET/HGFR-expressing HuH7 cells revealed an ideal 

ratio of 12 protonatable nitrogen groups in the polymer backbone per negatively charged phosphate in 

the nucleic acid (N/P), which resulted in optimal nucleic acid binding, very low toxicity and highest 
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transfection levels. To optimize particle size and DNA compaction for subsequent in vivo application, 

the three-armed non-PEGylated polymer #689 (3-arm-Stp) was added at 30 molar percentage.  

As a next step, we took further advantage of the reporter function of NIS to investigate transduction 

efficiency of cMET-targeted polyplexes in vivo.123I gamma camera imaging of vector biodistribution 

and functional NIS expression in HuH7 tumor-bearing mice revealed a high tumor-specific iodide 

uptake of 6.6±1.6% ID/g in cMBP2-Stp-PEG/NIS-treated mice 48 h after intravenous polyplex 

administration. Significantly lower tumoral iodide accumulation after injection of Ala-PEG-Stp/NIS 

polyplexes verified improved tumor-selective transduction efficiency of actively targeted polyplexes. 

The significantly lower, but measureable iodide uptake after transfection with untargeted Ala-PEG-

Stp/NIS polyplexes is due to basal transduction efficiency of the untargeted polymer based on passive 

targeting effects through the so-called “enhanced permeability and retention” effect in well-vascularized 

tumors16, 18, 54. The significant differences in 123I uptake of cMET-targeted polyplexes in comparison to 

untargeted polyplexes in vivo underline the remarkable targeting-effects of the cMBP2 ligand. 

Pretreatment with the NIS-specific inhibitor sodium perchlorate in a subgroup of cMBP2-PEG-Stp/NIS-

treated mice as well as an additional control group treated with cMBP2-PEG-Stp/Antisense-NIS 

polyplexes led to comparably low iodide uptake demonstrating NIS-specificity. Data obtained by ex vivo 

biodistribution correlated well with results from gamma camera imaging, showing a tumoral iodide 

accumulation of 3.0±0.5% ID/organ in cMBP2-PEG-Stp/NIS-treated mice 3 h post 123I application. In 

addition, no specific iodide accumulation was observed in tumors of control mice and non-target organs, 

confirming tumor specificity of gene delivery vehicles based on active cMET-targeting. These results 

clearly demonstrate targeting specificity of cMBP2 as cMET-binding peptide and the efficacy of our 

novel sequence defined polymers as gene delivery vehicles.  

After successfully demonstrating the feasibility of this polyplex-mediated NIS gene therapy approach in 

vitro and in vivo taking advantage of NIS in its function as reporter gene, we addressed the question 

whether tumor-specific transduction is sufficiently high for a therapeutic effect. After three cycles of 
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repetitive polyplex and radioiodide application, a significant reduction in tumor growth was observed in 

mice treated with cMBP2-PEG-Stp/NIS. This was associated with a prolonged survival of up to nearly 7 

weeks, whereas animals of control groups had to be sacrificed within 3-4 weeks. Immunohistochemical 

staining revealed a heterogenous staining pattern with clusters of membrane associated NIS-specific 

immunoreactivity. As NIS gene therapy is associated with a high bystander effect based on the crossfire 

effect of the beta-emitter 131I, the cytotoxic effect is not only limited to transduced cells, but also affects 

surrounding cells increasing therapeutic effectiveness of the NIS gene therapy concept. These findings 

were confirmed by immunofluorescence analysis of tumors after treatment: tumors from animals treated 

with cMBP2-PEG-Stp/NIS exhibited reduced cell proliferation and blood vessel density as compared to 

all control groups. As the immunofluorescence analysis experiments were performed at the end of the 

observation period, i.e. at different time points in the control group vs. therapy group, in which mice 

were sacrificed at a later stage, other factors such as mouse age, might influence the results. However, as 

mice were sacrificed in the therapy group when significant regrowth of tumors had occurred, our results 

probably even underestimate the antiproliferative and antiangiogenic effects of 131I therapy following 

cMBP2-PEG-Stp/NIS-mediated NIS gene transfer.  

In our studies, a therapeutic dose of 55.5 MBq 131I (1.5 mCi) was used13-20, 52 based on initial tests on 

radiation safety, tolerability and efficacy13, 52. The Food and Drug Administration of the United States 

(FDA) formulated a table of dose conversion factors that allows for allometric adaption from preclinical 

animal models to humans based on body surface area (BSA)59. Using this method, the mouse dose of 

55.5 MBq translates to 13.9 GBq (372 mCi) for a 75kg human being, which lies within the 

dosimetrically determined dose range (300 mCi – 600 mCi) in patients with advanced metastasized 

differentiated thyroid cancer60. In order to keep potential toxicities at a minimum, the calculated dose 

should not represent a fixed applicable dose, but a dose range that needs to be adjusted in a personalized 

manner considering various factors including the radiation sensitivity of the tumor, co-morbidities of the 

patient and pretreatments. In this context, the concept of the theranostic application of the NIS gene 
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allows optimal adjustment of the 131I dose based on exact dosimetric calculations of doses to the tumor 

and other organs from radioiodine imaging studies to limit side effects to non-target organs including 

bone marrow, spinal cord, salivary glands, upper gastrointestinal tract, kidneys and bladder. 

Based on these promising preclinical results, the next crucial step towards clinical application will be a 

toxicity study, specifically designed to assess potential toxicities arising from cMBP2-PEG-Stp/NIS 

application followed by saline or 131I application. For this purpose, naive mice without tumor will be 

used, cMBP2-PEG-Stp/NIS will be injected i.v. as well as directly into critical organs such as the liver 

and lungs, followed by assessment of toxicity by physical examination, blood and tissue sampling at 

early, intermediate and late time points (such as 1 week up to 3 months).  

Our data clearly demonstrate the therapeutic efficacy of cMET-targeted NIS gene therapy. Combined 

with our previous results targeting NIS to EGFR on tumor cells using the peptide GE11, this opens the 

exciting prospect of a possible future combination of these two targeting agents. The concept of dual 

targeting mimicks the natural process of viral cellular uptake, as several viruses, including adenoviruses, 

target two receptor types for so-called biphasic cell entry. The synergistic effects of targeting the 

receptors for EGF and transferrin using synthetic polymers have already been explored in vitro6. Studies 

postulating crosstalk between EGFR and cMET on cancer cells further substantiate the potential of dual 

targeting of these two receptors, especially as cMET amplification has been implicated in resistance 

mechanisms to escape EGFR-targeted therapy61-64. 

In conclusion, our data demonstrate the enormous potential of sequence-defined polymers for 

cMET-targeted NIS gene delivery. The precise synthesis of these novel polymers allows for optimized 

transfection efficiency while eliminating adverse effects such as toxicity or high immunogenicity. High 

cMET expression levels on many cancer cells make this receptor an ideal target in cancer therapy. 

Combined with the unique theranostic function of NIS, our targeting strategy led to significant tumoral 

iodide uptake that was sufficient for potent therapeutic effects after 131I application. This innovative 

concept of active receptor-targeted non-viral gene delivery is of high clinical relevance as it optimizes 

Accepted m
anuscrip

t



ACCEPTED ARTICLE PREVIEW 

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

efficacy and safety of systemic NIS gene delivery and opens the exciting prospect of application in 

metastatic disease.  

 

MATERIALS AND METHODS 

Cell culture 

 

The human hepatocellular carcinoma cell line HuH7 (JCRB0403; Japanese Collection of Research 

Bioresources Cell Bank, Osaka, Japan) was cultured in Dulbecco’s modified eagle medium (DMEM; 1 

g/l glucose; Sigma-Aldrich, St.Louis, Missouri, USA) and the human hepatocellular carcinoma cell line 

Hep3B (HB-8064; American Type Culture Collection (ATCC), Manassas, VA) was cultured in Eagle's 

Minimum Essential Medium (EMEM; Sigma-Aldrich). Both media were supplemented with 10% (v/v) 

fetal bovine serum (FBS Superior, Biochrom/Merck Milipore, Berlin, Germany) and 1% (v/v) 

penicillin/streptomycin (Sigma-Aldrich).  

Cells were maintained at 37°C and 5% CO2 in an incubator with a relative humidity of 95%. Cell culture 

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

 

Plasmid and polymer synthesis 

 

The expression vector pCpG-hCMV-NIS driven by the human elongation factor 1α promotor and human 

cytomegalovirus enhancer element containing the full-length codon-optimized NIS cDNA (Geneart, 

Regensburg, Germany) was generated as described previously17. For all in vitro and in vivo experiments 

pNIS-DNA produced and purified by Plasmid Factory GmbH (Bielefeld, Germany) was used. Synthesis 

of polymers was carried out as described previously7 and polymers were used as 5 mg/ml stock 

solutions. 
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Polyplex formation 

 

For polyplex formation the sequence-defined histidinylated cMET-targeted polymer (cMBP2-PEG-Stp) 

or a control polymer with alanine instead of the ligand (Ala-PEG-Stp) and a PEG-free three-armed 

polymer (3-arm-Stp, #689) in a molar ratio of 70:30 to compact polyplexes were used7. The polymer 

blend and plasmid DNA (pDNA) were diluted in same volumes of HEPES buffered glucose (HBG: 20 

mmol/l HEPES, 5% glucose (w/v) at pH 7.4). Polymers were added to the DNA by rapid mixing at a 

N/P (nitrogen/phosphate) ratio (w/w) of 12 and incubated at room temperature for 30 minutes before 

use. For calculation, only protonatable nitrogen groups were considered. Final DNA concentration for in 

vitro studies was 2 µg/ml, for in vivo studies 200 µg/ml.  

 

Transient transfection and 125I uptake assay 

 

To measure the transduction efficiency, cells were grown to 60-80% confluency (2x105 HuH7 or Hep3B 

cells/well in 6-well-plates) and incubated for 4 hours with DNA/polymer-solutions in serum- and 

antibiotic-free medium. Medium was then changed to normal growth medium and, 24 h later, iodide 

uptake activity was measured. NIS-mediated 125I uptake assays were performed as described 

previously23. Results were normalized to cell survival measured by cell viability assay (see below) and 

expressed as cpm/A620. 

 

Cell viability assay 

 

Cells were incubated with a commercially available MTT reagent (Sigma-Aldrich) for 2 h at 37°C 

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

absorbance reader (Tecan, Männedorf, Switzerland). 

 

Flow cytometry analysis 

 

Cell surface cMET/HGF-receptor expression levels were quantified by flow cytometry analysis. HuH7-

cells and Hep3B cells were detached with trypsin and washed with FACS buffer (PBS with 10% FBS). 

Cells were incubated with an antibody that detects human cMET/HGFR (1:200; monoclonal mouse 

IgG1, R&D Systems, Minneapolis, USA) for 1 h on ice. As negative control, an IgG-anti-mouse 

antibody (BD Bioscience, Franklin Lakes, USA) was used. After incubation, cells were washed with 

FACS-buffer, stained with an AlexaFluor 488-labeled goat anti-mouse secondary antibody (1:400; 

Jackson ImmunoResearch, West Grove, Pennsylvania, USA) for 1 h on ice, washed and resuspended in 

FACS buffer. Analysis was performed on a BD AccuriTM C6 flow cytometer (BD Bioscience, Franklin 

Lakes, USA). Cells were gated by forward/sideward scatter and pulse width for exclusion of doublets. PI 

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

 

Establishment of subcutaneous HuH7 tumors 

 

HuH7 xenografts were established in 6-week-old female CD-1 nu/nu mice (Charles River, Sulzfeld, 

Germany) by subcutaneous injection of 5x106 HuH7 cells suspended in 100 µl of PBS into the flank 

region. Animals were maintained under specific pathogen-free conditions with access to mouse chow 

and water ad libitum.  Before radionuclide application, mice were pretreated with L-T4 (L-thyroxine, 5 

mg/l; Sigma-Aldrich) in drinking water to reduce iodide uptake in the thyroid gland.  

Tumor measurements were performed regularly and tumor volume was estimated using the equation: 

length x width x height x 0.52. Animals were sacrificed when the tumor volume reached a size of 
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1500 mm3 or tumors necrotized. The experimental protocol was approved by the regional governmental 

commission for animals (Regierung von Oberbayern) and all animal experiments were carried out 

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

 

In vivo radioiodide imaging and biodistribution studies after NIS gene transfer  

 

When subcutaneous HuH7 tumors reached a size of 10-15 mm in diameter, polyplex solutions 

containing 50 µg of pNIS-DNA were applied via the tail vein. Animals were divided into three groups 

and treated either with cMBP2-PEG-Stp/NIS (n=15), cMBP2-PEG-Stp/Antisense-NIS (n=5) or Ala-

PEG-Stp/NIS (n=5). 48 hours after polyplex administration, mice received an intraperitoneal injection of 

18.5 MBq 123I. To determine NIS specificity, a subgroup of cMBP2-PEG-Stp/NIS-treated mice received 

NaClO4 (sodium perchlorate; 2 mg/mouse; Sigma-Aldrich), a NIS-specific inhibitor, 30 min prior to 

radioiodide application (n=6). Vector biodistribution and tumoral NIS expression were determined by 

measuring the iodide uptake by serial gamma camera imaging (e.cam, Siemens, Munich, Germany; with 

a low-energy high resolution collimator). Regions of interest were quantified by using the software 

HERMES GOLD (Hermes Medical Solutions, Stockholm, Sweden) and are shown as percent of injected 

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

 

Ex vivo biodistribution studies 

 

For ex vivo biodistribution studies, mice of the cMBP2-PEG-Stp/NIS group (n=6), 

cMBP2-PEG-Stp/NIS+NaClO4 (n=3) group, cMBP2-PEG-Stp/Antisense-NIS group (n=3) or 

Ala-PEG-Stp/NIS group (n=3) received 18.5 MBq 123I to detect iodide accumulation in the tumor and 

non-target organs. 3 h after injection of 123I, mice were sacrificed and organs were dissected and 
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measured in a Packard Cobra Quantum Gamma Counter (GMI, Ramsey, Minnesota, USA). Results are 

presented as percent injected dose per organ (% ID/organ). 

 

Immunohistochemical NIS staining 

 

Immunohistochemical NIS staining was performed on dissected frozen tissues of HuH7 tumors 48 h 

after systemic administration of polyplexes. A NIS specific mouse monoclonal antibody (Millipore, 

Darmstadt, Germany; 1:1000) was used for NIS detection and staining was performed as described 

previously65 Sections were imaged on an Olympus BX41 microscope (Olympus, Shimjukum Tokio, 

Japan) equipped with an Olympus XC30 CCD camera (Olympus).  

 

Radioiodide therapy study in vivo 

 

Therapy studies started when subcutaneous HuH7 tumors reached a size of 5-6 mm. Three cycles of 

polyplex administration were performed on day 0, 3 and 7. Mice received either cMBP2-PEG-Stp/NIS 

(n=10), cMBP2-PEG-Stp/Antisense-NIS (n=6) or Ala-PEG-Stp/NIS (n=6) followed by an 

intraperitoneal application of 55.5 MBq 131I 48 h later. As additional controls mice received cMBP2-

PEG-Stp/NIS followed by saline (NaCl; n=9). Mouse survival was defined by a maximum tumor 

volume of 1500 mm3 at which animals had to be sacrificed. 

 

Analysis of NIS mRNA expression 

 

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

Kit (Quiagen, Hilden, Germany) according to the manufacturer’s recommendations. Reverse 

transcription was performed using SuperScript III First-Strand Synthesis System (Thermo Fisher 
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Scientific, Waltham, Massachusetts, USA). Quantitative real-time PCR was run with the QuantiTect 

SYBR Green PCR Kit (Qiagen) in a Mastercycler ep gradient S PCR cycler (Eppendorf, Hamburg, 

Germany). Relative expression levels were calculated from ∆∆Ct values normalised to internal β-actin. 

The following primers were used:  

hNIS: (5’ACACCTTCTGGACCTTCGTG-3’) and (5’-GTCGCAGTCGGTGTAGAACA-3’),  

β-Actin: (5’AGAAAATCTGGCACCACACC-3’) and (5’-TAGCACAGCCTGGATAGCAA-3’) 

 

Indirect immunofluorescense assay 

 

After treatment, at the end of the observation period, immunofluorescence staining was performed on 

dissected frozen tissues, which were fixed in 80% methanol at 4°C for 5 min and acetone at -20°C for 2 

min.  After rehydration in PBS and blocking with 12% bovine serum albumin/PBS for 30 min at room 

temperature, incubation with a rabbit polyclonal antibody against human Ki67 (Abcam, Cambridge, UK; 

dilution 1:1000) and a rat monoclonal antibody against mouse CD31 (BD Pharmingen, Heidelberg, 

Germany; dilution 1:200) was performed. This was followed by incubation with a secondary anti-rabbit 

Alexa488-conjugated antibody (Jackson ImmunoResearch, West Grove, Pennsylvania, USA) for Ki67 

staining and secondary anti-rat Cy3-conjugated antibody (Jackson ImmunoResearch) for CD31 staining. 

Nuclei were counterstained with Hoechst bisbenzimide (5 mg/ml) and sections were embedded in 

Fluorescent Mounting Medium (Dako, Hamburg, Germany). Stained sections were examined using an 

Axiovert 135 TV fluorescence microscope equipped with an AxioCam MRm CCD camera and 

AxioVision Re. 4.8. software (Carl Zeiss, Munich, Germany). Quantification of proliferation (Ki67-

staining) and blood vessel density (CD31-staining) was 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 triplicates. Results are expressed as mean ± SEM, 

mean fold change ± SEM and, for survival plots, in percent. Statistical significance was calculated by 

two-tailed Student’s t-test for in vitro and ex vivo experiments or Mann-Whitney U test for in vivo 

experiments. P values ≤0.05 were considered significant (*p≤0.05, **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 HuH7 (a) and Hep3B cells (b) was analyzed by flow cytometry 

with an antibody that specifically detects human cMET/HGFR and compared to isotype controls. 125I 

uptake levels were measured in HuH7 and Hep3B cells after in vitro transduction with cMBP2-PEG-

Stp/NIS polyplexes (n=3) at an N/P ratio of 12 and results correlated well with cMET/HGFR expression 

levels (c). Further, to identify receptor specificity and NIS-dependency of iodide uptake, HuH7 cells 

were transfected with untargeted polyplexes Ala-PEG-Stp/NIS (n=3), cMBP2-PEG-Stp/Antisense-NIS 

(n=3) and polymer without DNA (n=3) (*p<0.05; **p<0.01) (d). Cell viability was not affected by 

polyplex-mediated gene transfer, as determined by MTT assay (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 biodistribution in mice bearing subcutaneous HuH7 xenografts 

was analyzed by 123I-scintigraphy. Tumoral iodide uptake of cMBP2-PEG-Stp/NIS-treated mice (n=9) 

(a), Ala-PEG-Stp/NIS-treated mice, where the targeting ligand was replaced by alanine (n=5) (b), and 

cMBP2-PEG-Stp/Antisense-NIS treated mice (n=5) (c) was measured 3 h post radioiodide injection. A 

subset of cMBP2-PEG-Stp/NIS-treated mice was pretreated with the NIS-specific inhibitor perchlorate 

30 min before 123I application (n=6) (d). Iodide accumulation in tumors over the time and the biological 

half-life of 123I were monitored by serial scanning (e). Ex vivo biodistribution was performed 3 h after 

injection of the radionuclide. Organs of cMBP2-PEG-Stp/NIS-treated mice without (n=6) and with 

sodium-perchlorate-pretreatment (n=3), Ala-PEG-Stp/NIS-treated mice (n=3) and cMBP2-PEG-

Stp/Antisense-NIS-treated mice (n=3) were dissected and 123I  accumulation in single organs was 

measured by gamma-counting (f). Results are reported as mean ± SEM. 
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Figure 3 Analysis of NIS mRNA expression in HuH7 tumors 

NIS protein expression in HuH7 xenografts was analyzed by immunohistochemistry 48 h after cMET-

targeted polyplex-mediated gene transfer on frozen tumor section from mice that received cMBP2-Stp-

PEG/NIS (a, b), from mice that received control polyplexes (Ala-PEG-Stp/NIS (c), cMBP2-PEG-

Stp/Antisense-NIS (d)) and from untreated mice (e). Scale bar=100 µm. 

Tumoral NIS mRNA expression levels after application of cMBP2-PEG-Stp/NIS with and without 

sodium-perchlorate-pretreatment, Ala-PEG-Stp/NIS and cMBP2-PEG-Stp/Antisense-NIS were 

examined by qPCR (f). 

 

Figure 4 In vivo therapeutic efficacy 

The cycle of intravenous gene transfer and radioiodide application was conducted three times on day 

0/2, 3/5 and 7/9. Mice were treated either with cMBP2-PEG-Stp/NIS and 55.5 MBq 131I (n=10), 

cMBP2-PEG-Stp/NIS followed by application of NaCl (n=9), Ala-PEG-Stp/NIS+131I (n=6) or cMBP2-

PEG-Stp/Antisense-NIS+131I (n=6). Tumor volumes (a) and animal survival (Kaplan-Meier-Plot 

(** p<0.01)) (b) of the different therapy groups were compared. Results are either reported as mean ± 

SEM for tumor volumes or in percent for survival plots. 

 

Figure 5 Immunofluorescence analysis 

After treatment, when tumors reached a size of 1500mm3, mice were sacrificed and tumors dissected. 

Frozen sections of tumor tissue were stained with a Ki67-specific antibody (green) to determine cell 

proliferation and an antibody against CD31 (red) to label blood vessels (a-d). Tumor cell proliferation 

(e) and blood vessel density (f) in tumors from animals treated with cMBP2-PEG-Stp/NIS that received 

131I (n=10) were compared to control groups treated with cMBP2-PEG-Stp/NIS+NaCl (n=8), Ala-PEG-
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Stp/NIS+131I (n=6) or cMBP2-PEG-Stp/Antisense-NIS+131I (n=6). Nuclei were counterstained with 

Hoechst. Results are reported as mean ± SEM. Scale bar=100 µm 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 

 

 




