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ABSTRACT

Nonviral gene therapy represents a realistic option for clinical application in cancer treat-
ment. This preclinical study demonstrates the advantage of using the small-size MIDGE®
DNA vector for improved transgene expression and therapeutic application. This is caused
by significant increase in transcription efficiency, but not by increased intracellular vector
copy numbers or gene transfer efficiency. We used the MIDGE-hTNF-alpha vector for high-
level expression of hTNF-alpha in vitro and in vivo for a combined gene therapy and vinde-
sine treatment in human melanoma models. The MIDGE vector mediated high-level hTNF-
alpha expression leads to sensitization of melanoma cells towards vindesine. The
increased efficacy of this combination is mediated by remarkable acceleration and increase
of initiator caspase 8 and 9 and effector caspase 3 and 7 activation. In the therapeutic

Melanoma approach, the nonviral intratumoral in vivo jet-injection gene transfer of MIDGE-hTNF-
Nonviral gene transfer alpha in combination with vindesine causes melanoma growth inhibition in association
TNF-alpha with increased apoptosis in A375 cell line or patient derived human melanoma xenotrans-
plant (PDX) models. This study represents a proof-of-concept for an anticipated phase I
clinical gene therapy trial, in which the MIDGE-hTNF-alpha vector will be used for efficient

combined chemo- and nonviral gene therapy of malignant melanoma.
© 2014 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
1. Introduction years (Jemal et al., 2011). Early diagnosis of melanoma is asso-
ciated with a high cure rate. However, once distant metasta-
The worldwide incidence of malignant melanoma is ses/stage IV disease is documented, the median survival rate
increasing, with the number of cases doubling in the past 20 is 6—8 months and the 5-year survival rate is less than 5%.
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Although surgery can provide benefit in some patients with
stage IV disease, for most patients presence of multiple meta-
static sites and/or comorbidities limits the applicability of this
approach (Jaques et al., 1989). Up to 5—8% of melanoma pa-
tients develop in-transit metastasis of their extremities,
which are locally treated by combination of high dose cyto-
static drug and hTNFu« in isolated limb perfusion (ILP) proce-
dures (Deroose et al., 2012).

Cytokines are long known as sensitizing agents for tumor
treatment. Numerous studies demonstrated that combina-
tion of TNFa, IFN-y or IL-2 with cytostatic drugs leads to
improved therapeutic efficacies, particularly for treatment
of melanoma (Kedar et al, 1992; Lasek et al, 1996;
Mouawad et al., 2010; Regenass et al., 1987). However, sys-
temic in vivo application of cytokines at concentrations,
which generate such synergy, is often limited by severe
side effects. To circumvent these problems, the ILP was
developed to achieve higher local hTNFa concentration
compared to systemic applications (Eggermont et al., 1996;
Eggermont et al., 1998). This concept was successfully used
in particular for treatment of in-transit metastasis of mela-
noma patients, in which local high dose hTNF« is combined
with melphalan chemotherapy (Deroose et al.,, 2011b; de
Wilt et al., 2000). Numerous clinical studies suggest, that
this high dose hTNFu is effective for chemosensitization of
melanoma leading to improved local control or eradication
of melanoma lesions (Deroose et al., 2011a). Based on this,
the idea of local hTNFa gene transfer has emerged. This
was of particular attractiveness, since gene therapy can
generate hTNFa concentrations locally, which are sufficient
for antitumoral effects. In this regard, the TNFerade gene
therapy clinical trials, using adenoviral gene transfer for
hTNFa expression in different tumor entities including mel-
anoma demonstrated, that local expression of hTNFa has
sensitizing effects for e.g. radiotherapy (Senzer et al., 2004).
In addition it also seems to exert distal effects through inter-
ruption of metastatic pathways and influence on immune
surveillance (Atkins, 2006). Apart from the use of adenoviral
based hTNFa gene transfer, nonviral alternatives are of great
interest. During the last decade significant improvements
were made for nonviral vector systems, which led to the
development of small-size vectors, such as minicircle or
MIDGE (Mayrhofer et al.,, 2009; Schakowski et al.,, 2007).
These vectors are reduced to the essential expression
cassette by omitting all or almost all unnecessary bacterial
backbone, as well as CpG sequences. One such small-size
vector platform is MIDGE (minimalistic immunogenically
defined gene expression), consisting of end-sealed double
stranded linear DNA, essentially reduced to the promoter
and transgene unit, which is important for successful and
safe gene therapy (Schakowski et al., 2007).

Here we use this MIDGE system for efficient expression of re-
porter genes and of hTNFa. The study demonstrates the superi-
ority of MIDGE-mediated transgene expression over plasmid
driven gene expression and provides insight into the molecular
mechanisms of this improved performance. Most importantly,
we show the usefulness of the MIDGE vector for efficient
in vitro and in vivo hTNFa expression leading to synergistic ef-
fects in combination with chemotherapeutic drugs in mela-
noma. We show, that hTNFa gene transfer rapidly triggers

apoptosis in the melanoma if combined with vindesine chemo-
therapy. This study provides important data on the use of a
small-size vector for high-level h TNFa expression in a combina-
tion approach, which holds promise for the conceivable clinical
application in local gene therapy of malignant melanoma.

2. Materials and methods
2.1. Cell lines

The human melanoma cell lines A375 (ATCC CRL-1619), MeWo
(ATCC HTB-65), were kept in DMEM + 10% FCS. The human mel-
anoma cell lines SK-MEL-5 (ATCC HTB-70) and SK-MEL-28 (ATCC
HTB-72) and the human colon carcinoma cell lines SW480 (ATCC
CCL-228), HCT116 (ATCC CCL-247) were kept in RPMI + 10% FCS.
All cell lines were cultured without antibiotics in a humidified
incubator at 37 °C, 5% CO,. Identity of all lines was confirmed
by STR DNA typing (DSMZ, Braunschweig, Germany).

2.2. Vectors

The plasmid-based luciferase (Luc) pCMV-Luc and green fluo-
rescence protein (GFP) pCMV-GFP encoding vectors were ob-
tained from PlasmidFactory (Bielefeld, Germany). All other
vectors (pMok-plasmids and MIDGE vectors) were provided
by MOLOGEN (Berlin, Germany). The generation of MIDGE syn-
thesis was already described elsewhere (Schakowski et al.,
2001). All vector preparations were free of endotoxin. The
MIDGE-vectors represent almost CpG-free DNA and are un-
likely to induce endogenous TNFa expression (data not
shown) (Takai and Jones, 2002, 2003).

2.3. In vitro lipofection and electroporation

Transfection was done using Metafectene (Biontex Labora-
tories, Martinsried, Germany). For transfection 1 x 10°
cells/ml were used. Metafectene (2.2 pl) and vector DNA
(1 ng of pCMV-Luc, all other vectors were used equimolar
in relation to pCMV-Luc, mixed with an empty vector to
1 pg total DNA) were solved in DMEM.

Electroporation was performed in 4 mm cuvettes using the
square wave protocol of a Gene Pulser Xcell (Bio-Rad Labora-
tories, Munich, Germany). 5 x 10° cells/ml were treated with
one square wave pulse at 200 V/20 ms.

2.4. Luciferase assay

For measurement of luciferase activity the Steady-Glo Lucif-
erase Assay System (Promega, Madison, WI) was used accord-
ing to manufacturer’'s recommendations. The assay was
performed in 24 well plates using 5 x 10* cells transfected or
electroporated as described. For measurement of luciferase
activity the Tecan spectra Fluor plus (Tecan, Mannedorf,
Switzerland) was used.

2.5. DNA isolation

To isolate DNA from the nucleic cell fraction, cells were
treated after gene transfer with DNase I and cell nuclei from
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1 x 10° cells were isolated using the NE-PER Nuclear and Cyto-
plasmatic Extraction Kit (Pierce/Fisher Scientific, Pittsburgh,
PA) following manufactures recommendations. DNA from
cell nuclei was isolated using the NucleoSpin Tissue XS Kit
(Macherey & Nagel, Diiren, Germany) without modifications.
DNA from animal tissues and tumor samples was isolated us-
ing the NucleoSpin Tissue Kit (Macherey & Nagel).

2.6. RNA isolation

Total cellular RNA was isolated using the Trizol (Life Technol-
ogies, Carlsbad, CA) protocol following manufacturer’s recom-
mendations including DNasel digestion. Isolated RNA was
solved in nuclease-free water and stored at —80 °C.

2.7. Reverse transcription and real-time PCR (qPCR)

Reverse transcription (RT) was performed using 1 x PCR buffer
I, 5 mM MgCl,, 1 mM dNTPs, 20 U RNase inhibitor, 50 U MuLV
reverse transcriptase and 2.5 uM random hexamers from
Applied Biosystems (Life Technologies) with 50 ng of total
RNA for 5 min at 25 °C followed by 45 min at 42 °C.

Quantitative real-time PCR was performed using the Light-
Cycler480 (Roche Diagnostics) in 96 well format with a 10 ul re-
action volume. Vector DNA and c¢DNA samples from RT-
reactions generated in in vitro experiments (luciferase gene
transfer) were quantified using the GoTaq Master Mix (Prom-
ega, Madison, WI) using the primers luc fw 5'-gggctcactgagac-
tacatc-3’ and luc rev 5'-gtagccatccatecttgte-3'.

To quantify vector DNA and cDNA from RT-reactions from
in vivo experiments of hTNFa gene transfer the LightCycler
FastStart DNA Master HybProbe Kit (Roche Applied Science,
Mannheim, Germany) with the primer sequences hTNF-a fw
5'-ctctggcccaggeagtcaga-3/, hTNF-a rev 5'-tcggcaaagtcgaga-
tagtc-3' and probe sequences hTNFa FL 5'-gcattggccecggeggtte-
3’ and hTNFa LC 5'-ccactggagctgeccctcaget-3' was used. All
primer and probes were synthesized by Tib Molbiol.

For quantification of hTNFa expression, the mRNA was
normalized to G6PDH (Roche) levels. PCR conditions were
95 °C 2 min (GoTagq) 10 min (HybProbe), 95 °C 10s, 61 °C (Luc)
62 °C (TNF-a) 20 s, 72 °C 10 s for 45 cycles. Prior to quantifica-
tion of vector DNA, a restriction digest using Fast Digest EcoRI
(Fermentas, St. Leon-Rot, Deutschland) for pCMV-Luc and Fast
Digest Kpnl/Sacl (Fermentas) for pMok and MIDGE-based vec-
tors was performed to release the transgenes for detection.

2.8.  hTNFa expression analysis by ELISA

Human TNFa of cell culture supernatants and tumor lysates
was quantified using the human TNFa ELISA Kit (Invitrogen,
Carlsbad, CA, USA) according to manufacturer’s recommen-
dations. Absorbance was measured at 492 nm using the Tecan
spectra Fluor plus (Tecan). The in vivo hTNFa values were
normalized to total protein content of tumor lysates.

2.9. DNA-labeling and analysis of intracellular vector
accumulation

The vector DNA was labeled with Label IT Nucleic Acid Label-
ling Kit, Cy3 (Mirus Bio, Madison, WI) according to

manufacturer’s instructions and used for gene transfer as
described. After DNase I digestions of extracellular DNA cells
were fixed and stained using DAPI (Life Technologies, Grand
Island, NY) and Phalloidin-AlexaFluor488 (Life Technologies).
Images were taken with an Axio Observer Z1 microscope us-
ing AxioVision 4.7 (Carl Zeiss, Gottingen, Germany).

For FACS analysis of vector DNA distribution, cells were
harvested at indicated time points after gene transfer and
treated with DNase I. The LSRFortessa (Becton & Dickinson
Biosciences, Franklin Lakes, NJ) was used for detection of
Cy3-labeled intracellular vector DNA. Data analysis was
done with FlowJo 7.6 (Tree Star Inc., Ashland, OR).

2.10. Analysis of transfection efficiencies by FACS

To analyse the fraction of GFP positive cells, cells were
collected after equimolar gene transfer at indicated time
points. For quantitative analysis FACSCalibur (Becton & Dick-
inson) was used. The data were analysed by using CellQuest
Pro 5.2 (BD) and FlowJo (Tree Star Inc. Ashland, OR, USA).

2.11. Cytotoxicity assay

For the MTT cytotoxicity assay, 1 x 10* non-transfected and
hTNFa gene transfected cells were seeded into 96-well plates.
After 24 h cells were treated with media with or without vin-
desine and incubated for 72 h. MTT (3-(4,5-dimethylthiazyol-
2yl)-2,5-diphenyltetrazolium bromide (Sigma, 5 mg/mL) was
added and absorbance was measured in triplicates at
560 nm in a micro plate reader (Tecan SpectraFluor Plus,
Thermo Fisher Scientific, Waltham, MA). Values are expressed
as fold change of respective untreated controls.

2.12. Caspase 3, 7 and caspase 8, 9 assays

The activity of caspases 3, 7 (0—72 h after vindesine treatment),
caspase 8 and 9 (0—24 h after vindesine treatment) was
assessed using the respective Caspase-Glo Assay kits (Promega,
Madison, WI) following manufacturers recommendations.
Luciferase readings were performed in a Tecan SpectraFluor
Plus micro plate reader (Thermo Fisher Scientific). Values are
expressed as fold change of respective untreated controls.

2.13. Lactate dehydrogenase (LDH) release assay

After gene transfer supernatants of transfected cells and con-
trol cells were collected at indicated times (3—72 h) and LDH-
release was determined using the Cytotoxicity detection kit
(Roche Diagnostics) as recommended by the manufacturer.
Absorbance readings at 492 nm were performed in a Tecan
SpectraFluor Plus micro plate reader (Thermo Fisher Scienti-
fic). Values are expressed as fold change of a lysate from
1 x 10* untreated cells, indicating the maximum LDH release.

2.14. Invivo melanoma models and in vivo gene transfer

To establish tumors, 1 x 10” A375 cells or tumor piecesof 3 x 3
mm of a patient derived melanoma Mel9663_A were injected
subcutaneously into the left flank of NMRI nu/nu mice.
When tumors reached a volume of approximately 5 x 5 mm,
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intratumoral jet-injection was performed as described earlier
(Walther et al., 2002; Walther et al., 2008). Animals were sacri-
ficed at indicated time points after gene transfer by cervical
dislocation. Samples were snap frozen in liquid nitrogen.

In the therapeutic combination experiments using hTNFa
gene transfer and vindesine the animals (n = 5 per group)
were treated in consecutive weeks. Vindesine was applied
by tail vein injection at a dose of 1 mg vindesine/kg body
weight 24 h after gene transfer. Tumor volumes were calcu-
lated by measuring length and width using callipers, by the
formula 0.5 x length x width? The animal handling was per-
formed according to the German Animal Protection law and
with approval from the local responsible authorities.

2.15. Immunohistochemistry

For intratumoral hTNF« distribution analysis snap-frozen tu-
mors were cryosectioned (6 pm, microtome cryostat CM1900,
Leica microsystems) and air dried (1 h room temperature).
Following 1% H,0, incubation, permeabilization (0.5% Triton
X-100, 2.5% BSA in PBS) and blocking (3.5% casein, 1.5% BSA
in PBS) slides were incubated over night with primary goat
anti-hTNFa antibody (15 ng/ul, R&D, Wiesbaden, Germany) at
4 °C. For detection slides were incubated for 1 h with HRP-
labeled rabbit anti-goat secondary antibody (Abcam, Cam-
bridge, UK) followed by DAB HRP-substrate (DAKO, Hamburg,
Germany). Counterstaining was performed using hemalum.
Images were taken using a light microscope (Axioplan 2, Zeiss,
Gottingen, Germany).

2.16. TUNEL assay

For in situ apoptosis detection a TUNEL assay (TumorTACS,
Trevigen, Gaithersburg, MD) was used following manufac-
turers recommendations. Frozen tumor samples were cryo-
sectioned and air dried over night at room temperature.
After rehydration using 100%, 95% and 70% ethanol samples
were fixed with 3.7% formaldehyde. Following permeabiliza-
tion with cytonin the TdT labeling reaction was performed.
Images were taken using a light microscope (Axioplan 2,
Zeiss).

2.17. Statistical analyses

The indicated statistical tests, e.g. 1-way ANOVA, 2-way
ANOVA and calculation of ICso values were performed using
GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA,
USA) and Systat 12 (Systat Software, Inc., Chicago, IL, USA).
The values are presented as mean + S.E.

3. Results
3.1.  Analyses of MIDGE vector performance in vitro

To analyze the performance of the MIDGE vector in compar-
ison to its conventional parental plasmid, equimolar gene
transfer experiments were performed. The analysis at the
level of transgene expression revealed the highest increase
in reporter activity after MIDGE-based gene transfer

(Figure 1A, Supplementary Information Table S1). After
equimolar lipofection this increase (MIDGE-Luc vs. pCMV-
Luc) was in the range of up to 12-fold (12 h after gene trans-
fer), depending on the cell line assessed (Supplementary In-
formation Table S1). After equimolar electroporation we
found an increase of luciferase expression of more than
1500-fold in A375 melanoma cells 48 h after gene transfer
(Supplementary Information Table S1). Next, we asked
why the transgene expression is increased by the MIDGE
vector and analyzed this in more detail in A375 melanoma
cells. Analysis of gene transfer efficiency (Figure 1B) after
equimolar gene transfer of GFP-encoding pCMV-GFP and
pMok-GFP plasmid and MIDGE-GFP vector revealed only a
small, less than 3-fold, but significant (p < 0.01) increase
in GFP-positive cells after MIDGE-GFP lipofection or
electroporation.

Next we analyzed the cellular vector uptake by using Cy3-
labeled vector DNA for gene transfer. The FACS analysis and
fluorescence microscopy show a comparable load of the cells
for all three vectors (Figure 1C and D). In addition to this, nu-
clear vector accumulation was only slightly altered after lip-
ofection or electroporation transfer of the MIDGE-Luc vector,
as shown by gPCR analysis of isolated cell nuclei (Figure 1E).
Since vector transfer efficiency, intracellular distribution and
accumulation are insufficient to explain the observed in-
crease in transgene expression, we analyzed luciferase
expression at mRNA level (Figure 1F). For this we show up
to 50- and 1500-fold increase in the overall transgene tran-
scription after lipofection as well as electroporation transfer
of the MIDGE-Luc vector compared to the plasmid vectors.
This suggests that the minimal-size MIDGE vector permits
an increased transgene expression via enhanced transcrip-
tion. We therefore used the MIDGE system for gene thera-
peutic applications in a sensitization strategy of human
melanoma.

3.2. In vitro efficiency of MIDGE-hTNFa gene transfer

Since the MIDGE system showed best performance for
different human cell lines, we used this vector for the expres-
sion of the therapeutic transgene hTNFa. First we evaluated, if
the MIDGE-hTNFa vector is still superior compared to its
parental plasmid pMok-hTNFa. Again, the small-size MIDGE
vector shows superiority in terms of transgene expression af-
ter equimolar gene transfer. For A375 melanoma cells the
maximum increase after transfection was more than 4-fold
(22.2 ng/ml vs. 93.5 ng TNFe/mL) and after electroporation
up to 77-fold (0.19 ng/ml vs. 14.9 ng TNFa/mL) compared to
pMok-hTNFa mediated expression levels (Figure 2A; Supple-
mentary Information Table S2).

3.3.  MIDGE-hTNFa gene transfer for in vitro
combination treatment of melanoma

One major focus of this study was to evaluate the potential of
high-level hTNFa expression by minimal-size MIDGE vector in
combination with the chemotherapeutic drug vindesine to in-
crease treatment efficacy. As shown for A375 cells the combi-
nation of hTNFa gene transfer with vindesine leads to a
decrease in the ICsq values (Figure 2B). In fact, this sensitizing
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Figure 1 — Luciferase reporter gene expression analyses in A375 human melanoma cells, in which the MIDGE vector leads to an increased reporter

gene expression in vitro. (A) Overall reporter gene expression as analyzed by luciferase activity 24 h after equimolar gene transfer shows the highest

luciferase activity when the MIDGE-Luc is used. Expression data for all other cell lines are shown in Supplementary Information Table S1. (B)

The small and optimized vectors increase the gene transfer efficiency 24 h after equimolar gene transfer at a low level only. (C) FACS analysis after

equimolar gene transfer of Cy3-labeled vector-DNA shows no change in vector distribution and uptake. Transfection leads to a more than 10 times

increased vector-DNA uptake compared to electroporation. (D) Fluorescence microscopic analysis of cellular vector-DNA uptake and distribution
confirmed the FACS and qPCR analysis (C and D). Scale bar represents 50 pm. (E) Detailed analysis of intracellular vector-DNA distribution

shows only minor changes in nuclear uptake. Transfection leads to a higher nuclear amount in vector-DNA compared to electroporation. (F) Real-

time RT-PCR analysis of transgene expression reveals a strong increase of transgene transcription, particularly after transfer of the small MIDGE-

Luc vector. The data sets are in mean + SEM. One way ANOVA followed by Bonferroni’s Multiple Comparison Test was used for statistical

analysis.

effect was also shown for all other cell lines after transfection
or electroporation, but was independent of the use of either
MIDGE-hTNFo or pMok-hTNFa due to the very high level cyto-
kine expression by both vectors (Supplementary Information
Table S3).

To analyze the mechanism behind increased cell death we
determined time-dependent lactate dehydrogenase (LDH)
release and caspase activation in A375 cells (Figure 3A—G).
The LDH assay did not reveal an LDH release in cells treated
with hTNFa gene transfer and vindesine at any time
(Figure 3A). By contrast, we observed the acceleration of acti-
vation of initiator caspases 8 and 9, as well as the effector

caspases 3 and 7, which were activated 12 h—24 h earlier,
than by vindesine alone treatment (Figure 3B—G). More impor-
tantly, the activation of the initiator caspases 8 and 9 was
stronger (up to 4-fold for caspase 8, up to 5-fold for caspase
9) than by the treatment with vindesine alone. We therefore
conclude that in the combination treatment the cells rather
enter apoptosis than necrosis leading to cell death.

3.4. In vivo performance of the MIDGE-hTNFa vector
We analyzed the overall gene transfer efficiency and safety
properties of the MIDGE vector in the A375 human melanoma
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Figure 2 — Analysis of the MIDGE-hTNFa vector performance compared to its parental plasmid pMok-hTNFa for hTNFo expression in vitro
(A) The MIDGE-hTNFa vector leads to an increase in hTNFa release after equimolar gene transfer. Although electroporation leads to a much
lower vector transfer compared to transfection based gene transfer (Figure 1), the MIDGE vector produces comparable amounts of hTNFa
underlining its improved performance. (B) The hTNFa gene transfer leads to a synergistic effect in combination with vindesine. The ICsq of
vindesine is decreased to about 25%. The changes in IC50 for all other cell lines are given in Supplementary Information Table S3. The fold
changes are in mean + SEM. One way ANOVA followed by Bonferroni’s Multiple Comparison Test was used for statistical analysis.

in vivo model xenografted in NMRI nu/nu mice. After equi-
molar jet-injection of the parental plasmid and the MIDGE-
hTNFa vector we found an up to 30-fold increase in transcrip-
tion and up to 15-fold elevated intratumoral hTNFa protein
level after intratumoral jet-injection of the MIDGE-hTNFa vec-
tor (Figure 4A—B). As safety parameters we analyzed intratu-
moral time and dose dependent hTNFa expression and the
clearance kinetics. We determined a time and vector dose
dependent transgene expression (Figure 4C). This was
confirmed by IHC staining of jet-injected tumor cryosections.
With increasing vector doses we found increased intratu-
moral hTNFa, which declined within 14 days (Figures 4C, 4E).
Three days after gene transfer vector levels dropped below
quantification limit of the gqPCR. The intratumoral vector
clearance was completed within 7—14 days (Figure 4D). A pre-
clinical toxicology study at the laboratory of pharmacology
and toxicology (LPT, Hamburg, Germany) proved, that the
application even of the highest MIDGE-hTNFa vector dose of
150 pg does not lead to any adverse effects (Supplementary In-
formation Table S4).

3.5. In vivo MIDGE-hTNFa and vindesine combination
therapy for melanoma

To analyze the combination of gene transfer and chemo-
therapy we used NMRI nu/nu mice xenografted s.c. with
A375 human melanoma cells. Comparing untreated animals
with the different treatment groups we found a significant

decrease in tumor growth only after MIDGE-hTNFa gene
transfer in combination with vindesine (Figure 4F).

In a second in vivo model of Mel9663_A patient derived mel-
anoma both the MIDGE-hTNFa only and the combination
(vindesine + MIDGE-hTNFa gene transfer) treated group
showed significant tumor growth inhibition (p < 0.05)
compared to the control or vindesine only treated animals
(Figure 5A). The sensitivity of this particular melanoma model
towards hTNFa only supports the potential of MIDGE hTNFa.
gene therapy. In this model strong TUNEL staining is observed
in the MIDGE-hTNFa only transfected tumors and even stron-
ger staining is seen in the tumors treated with the combina-
tion (Figure 5). This TUNEL positivity is particularly
associated with those tumor areas, which show TNFa expres-
sion and release in the respective immunohistochemistry
(Figure 5B). This confirms the in vitro results, that the com-
bined gene transfer and vindesine treatment enhances
apoptosis in the melanoma, which results in efficient tumor
growth inhibition.

4. Discussion

Nonviral gene therapy has developed to a clinically applicable
option to treat cancer. For this access to safe and effective vec-
tors is required. To address these issues for nonviral vectors
the plasmid-like minicircle and the linear double stranded
MIDGE vector were developed (Boretti et al.,, 2000; Darquet
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Figure 3 — Mechanism of synergism in combined hTNFo and vindesine treatment in A375 melanoma cells (A) The combined treatment of

hTNFo gene transfer and vindesine did not lead to LDH release, indicating the absence of necrotic processes. (B—G) The combined treatment

with hTNFo gene transfer followed by vindesine leads to earlier and stronger activation of the initiator caspases 8 and 9 as well as effector caspases

3 and 7, indicating activation of apoptotic rather than necrotic signaling. The fold changes are in mean + SEM. One way ANOVA followed by

Bonferroni’s Multiple Comparison Test was used for statistical analysis.

et al., 1997; Choi et al., 2007). In both vectors resistance and
bacterial backbone sequences are omitted, reducing the vec-
tor DNA to nearly the essential expression cassette. Compared
to plasmids the small-size MIDGE vector represents a linear
double-stranded DNA molecule with end-sealing loops with
respective transgenes driven by the cytomegalo virus (CMV)
promoter (Supplementary Figure S1). This vector is signifi-
cantly reduced in size and harbors almost exclusively the
expression cassette.

We compared the effectiveness of the small-size MIDGE
vector to plasmid vectors regarding transgene expression in
different human melanoma and colon carcinoma cell lines.
For all cell lines we found an increase in the reporter gene ac-
tivity after equimolar gene transfer. This is in line with com-
parable studies, which employed minimalistic vectors
(Bigger et al., 2001; Chabot et al.,, 2013; Chen et al., 2003;
Darquet et al.,, 1997; Kobelt et al., 2013; Schakowski et al,,
2007, 2001). The fact, that small-size backbone-free vectors
lead to improved overall gene expression efficiency is well
accepted, but the mechanism is still poorly understood.

One mechanism, which might be responsible for elevated
transgene expression is the increase in intracellular vector

copies. Several studies have shown, that use of the small-
size vectors lead to increased vector uptake (Chabot et al.,
2012; Schakowski et al., 2007). In our study however this
does not explain the improved transgene expression of the
cell lines analyzed. Especially for electroporation the fold
change of luciferase activity is very much higher than the
change in vector copy numbers, if any. Other related mecha-
nisms, e.g. cellular association, intracellular trafficking and
nuclear uptake have only limited impact (Chabot et al., 2012).

Furthermore, in analytical terms, the quantification of
partially degraded small DNA vector molecules (e.g. minicircle
or MIDGE) after gene transfer can be misinterpreted by qPCR,
if intact small closed circular or linear (MIDGE) molecules are
used for the generation of the standard curves. Intact mole-
cules are less efficiently used as PCR template, possibly due
to rapid reassociation during the annealing step. This leads
to the detection of less DNA compared to relaxed DNA mole-
cules. The discussed possible increases in vector copy number
are in that range (Hou et al., 2010). In this study we used
opened vector molecules for standard preparation and linear-
ized the isolated vector molecules, which results in more reli-
able quantification of intracellular vector copies.
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Detailed ELISA analysis of hTNFa protein expression over time. Within

14 days hTNFaprotein expression declines even at the highest vector

dose. (D) Intratumoral vector clearance was monitored over time with qPCR. Clearance is completed within 14 days. (E) Immunohistochemistry
staining of A375 melanoma xenografts after treatment with PBS and three different doses of MIDGE-hTNFa vector 24 h after gene transfer. Scale
bar represents 50 pm and 25 pm (inset). (F) The in vivo combination of intratumoral jet-injection MIDGE-hTNFa gene transfer and vindesine
leads to a significantly reduced tumor growth. The values are in mean + SEM. One way ANOVA followed by Bonferroni’s Multiple Comparison

Test was used for statistical analysis. For the combination experiment the Dunnett’s Multiple Comparison Test vs. untreated group was used.

Decreased silencing could explain the optimized expres-
sion when using backbone free vectors (Chen et al., 2004,
2008). Chen et al. demonstrated that expression cassettes
covalently bound to bacterial backbones are target for rapid
silencing, mostly independent of the backbone or promoter
used. Removal of the backbone or application of the backbone
as extra DNA resulted in significantly increased transgene
expression. This might also explain our observation that rela-
tively unchanged numbers of transgene expressing cells with
constant small-size vector copies express more transgene at
mRNA- and protein level.

It is well accepted that hTNF« is sensitizing melanoma to-
wards chemotherapeutic drugs like melphalan, as applied in
the isolated limb perfusion therapies (Deroose et al., 2012).
We showed that the MIDGE vector mediated high-level hTNFa
expression is superior compared to its parental plasmid. The
in vitro toxicity of hTNFa alone is very limited in various cancer
cell lines (Belizario et al., 1993; Xu et al., 2006). Since vindesine
is an approved second line therapy drug for the treatment of
melanoma, we evaluated if the combination of hTNFa expres-
sion with this drug shows an improved therapeutic effect. The
in vitro expression of hTNFa in combination with vindesine
exerted increased cytotoxicity compared to both treatments
alone. This is in line with other studies showing a synergistic
effect of hTNFa in combination with chemotherapeutic drugs
in different in vitro models (Lejeune et al., 1998; Mocellin et al.,
2005; Stein and Walther, 1998; Walther et al., 1995). However,
the cytokine expression levels achieved with either the
parental plasmid or MIDGE are at such level, at which hTNFa
is not a limiting factor for improved cytotoxicity of this combi-
nation in vitro.

To reveal the mechanism behind the increased cell death,
we analyzed the downstream events in the death signaling.
The mechanism behind the synergistic hTNFa effect is not
fully understood, however molecular properties of the cells
are of crucial importance which drive cells into cell death
via apoptotic or necrotic pathways or alternatively trigger pro-
liferation and survival through pathways such as NF-kB-
signaling (Aggarwal, 2003).

In this study the expression of hTNFa in combination with
vindesine led to an increase in cell death via apoptotic rather
than necrotic processes. In this context, we observed the
accelerated and increased activation of the initiator as well
as the effector caspases in the melanoma cells, whereas
LDH-release was largely unaffected. This suggests that the
high-level hTNFa expression in combination with vindesine
activates apoptotic signaling. One molecular mechanism for
this phenomenon might be cell cycle inhibition by vindesine.
During cell cycle progression proteins like c-FLIP and others
(e.g. NF-kB dependent survival and anti-apoptotic genes) are
down regulated due to decreased protein expression. The
c-FLIP acts as an inhibitor of caspase-8 activation leading to
apoptosis resistance. Low levels of c-FLIP allow hTNFa depen-
dent caspase-8 activation (extrinsic pathway). NF-xB target
genes act as survival and anti-apoptotic factors, but need to
be synthesized following NF-«B activation. The missing NF-
kB signaling due to lack of protein expression was shown to
permit apoptotic signaling (Guiet et al., 2002; Jin et al,
2008). We used various cell lines of two entities differing in
their molecular properties. Independently all cell lines
showed a decrease in the ICsy towards vindesine when
hTNFa was present, indicating that the combination of
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hTNFa« expression and vindesine seems to be a rather general
feature.

In our in vivo experiments the hTNFa expression level was
further elevated by the MIDGE vector (Schakowski et al., 2007).
This amount of produced hTNFa was shown to be sufficient
for chemosensitization in earlier studies (Walther et al., 2007).

To assess safety aspects, vector distribution and clearance
were analyzed by qPCR. We found typical rapid clearance ki-
netics at the DNA-, RNA- und protein level (Davis et al., 1996;
Sheets et al.,, 2006; Walther et al.,, 2006, 2008; Wolff and
Budker, 2005). In line with earlier clinical studies, we did not
find vector molecules in blood samples and in the organs three
days after gene transfer (Walther et al., 2008). Detailed preclin-
ical analyses have shown, that there is a limited low level sys-
temic dispersion via the blood stream to distant organs within
24 h—48 h after gene transfer (Galling et al., 2012). This might
be attributed to the tissue damage caused by the high pressure
used for jet-injection and cancer related leaky vasculature
(Baban and Seymour, 1998). The pressure is important to effi-
ciently transfect DNA into the tissue overcoming the intratu-
moral hydrostatic pressure and preventing seepage (Walther
et al.,, 2006). The applied jet-injection leads to tolerable tissue
damage in correlation with efficient gene transfer (Walther
et al., 2008, 2002). However, the observed systemic vector bio-
distribution did not lead to gene expression at distant sites.
Within three days systemic vector biodistribution was
cleared. Even at high vector doses intratumoral vector clear-
ance was completed within 7—14 days. Although more than
90% of the applied vector molecules are lost from the jet-
injected tumors within the first few days, efficient gene
expression is maintained. To meet requirements for clinical
application of this hTNFa encoding MIDGE vector, a preclinical
toxicology study was performed, confirming the safe applica-
bility of the MIDGE vector without vector related toxicities of
adverse side effects. We furthermore evaluated in vitro and
in vivo, if MIDGE vector DNA could induce endogenous human
or murine TNFa expression. We did not observe such an effect,
so that endogenous TNFa did not add to the effect of improved
cytotoxicity (data not shown).

Systemic therapy with hTNFa is not possible due to its dose
limiting toxicities (Hohenberger et al., 2003). Local applica-
tions (ILP, local gene transfer) have proven to be successful
in patients (Barbour et al., 2009; Deroose et al., 2012, 2011b).
In the experimental setup using human A375 melanoma cell
xenografts we observed only very limited hTNFa based antitu-
moral activity and moderate vindesine effects. By contrast
combined treatment showed pronounced antitumoral effect.
Similarly, such improved combination effect was achieved
in a number of clinical trials using local application of high-
dose recombinant hTNFa protein in combination with

hTNFa vector in PDX melanoma shows significantly reduced tumor
growth in vivo. (B) Immunohistochemistry staining for h"TNFa
detection in the treated and non-treated melanoma PDX. (C)
Intratumoral detection of apoptosis in the treated and non-treated
melanoma PDX using TUNEL-assay. The relative tumor volumes are
in mean * SEM. One way ANOVA followed by Dunnett’s Multiple
Comparison Test vs. untreated group was used for statistical analysis.
Scale bar represents 100 pm and 50 pm (inset).
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melphalan in isolated limb perfusion (ILP) particularly for mel-
anoma and sarcoma patients (Deroose et al., 2012). Potentially,
hTNFa might also contribute to improved intratumoral drug
accumulation, which we did not analyze in this study (Baluk
et al., 2009; Menon et al., 2006).

The patient-derived xenograft (PDX) melanoma model al-
lows a more clinically relevant evaluation of this combined
treatment. Interestingly, hTNFa alone exerted a considerable
effect on tumor growth, which was not further increased in
combination with vindesine. This might be attributed to the
composition of the PDX model, built not only of a homogenous
cell mass of one type representing a rather heterogeneous pa-
tient tumor, but still reflects the therapeutic potential of this
gene therapeutic approach.

Our preclinical data show, that MIDGE based local gene
transfer of hTNFa in combination with vindesine is effective
for local control of melanoma lesions. This is mainly achieved
by activation of apoptosis signaling. These preclinical data
provide the basis for clinical evaluation of this combination
therapy.
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