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Introduction. The reaction between a,f-poly(aspartylhydrazide) (PAHy), a water soluble synthetic
polymer and 3-(carboxypropyl)trimethyl-ammonium chloride (CPTACI) produced copolymers bearing
permanent positive charges (PAHy-CPTA) with molecular weight of 10 kDa and PAHy-CPTA
copolymers differing in positive charge amount (18-58%) were chosen for biological investigations.
Materials and methods. Biophysical properties of DNA/PAHy-CPTA polyplexes were evaluated in
terms of DNA condensation, zeta potential and size distribution. Cytotoxicity studies on Neuro2A
murine neuroblastoma cells evidenced absence of toxicity of these copolymers up to 300 pg/ml unlike
linear polyethylenimine (LPEI) that was highly toxic already at 20 pg/ml.

Results and Discussion. PAHy-CPTA copolymers did not induce any erythrocyte aggregation up to
1 mg/ml. Cellular interaction studies of PAHy—CPTA polyplexes evidenced a faster binding of these
polyplexes with cells compared to DNA/LPEI polyplexes. The in vitro transfection ability of PAHy-
CPTA polyplexes was strongly affected by experimental conditions reaching about 10% of the
transfection efficiency of optimized LPEI polyplexes.

Conclusions. Finally, in vivo application studies confirmed the biocompatibility of PAHy-CPTA
copolymers. With LPEI, clear signs of microvesicular fatty liver were observed and with LPEI
polyplexes significant weight loss. In strong contrast, PAHy—CPTA did not induce histopathological

changes or weight loss.
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INTRODUCTION

Synthetic gene delivery systems offer the possibility of
safe and repeated administration of transgenes. A promising
type of non-viral vector is a positively charged polymer that
is able to condense the polyanionic DNA macromolecules to
form so called polyplexes (1). In principle the polycation
should be non toxic as well as easy to synthesize and able to
compact DNA into nanoparticles small enough to extravasate
and to enter into target cells (2). Despite several interesting
results, many polycations can not be used due to their high
toxicity after systemic application (3). This points out the
importance for a biocompatible, non toxic carrier polymer,
which can be easily modified in terms of amount of positive
charge as well as molecular weight. Moreover, important
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properties of synthetic gene delivery systems are a high hydro-
philicity, avoidance of RES capture, low net positive charge to
reduce the clearance from circulation and at the same time, high
physical stability i.e. low tendency to aggregate. For example,
Howard et al. (4) examined the effect of increasing the
hydrophilicity of the cationic polymers, based on quaternary
ammonium groups, on the DNA complexing ability, showing
that an appropriate balance of hydrophilicity and physical
stability are key aspects of effective gene delivery vectors.

o,B-polyaspartylhydrazide (PAHy) is a water soluble,
non-toxic, non-antigenic and non immunogenic polymer,
obtained from polysuccinimide by reaction with hydrazine
(5). Besides these favorable pharmacological properties, this
polymer shows a good chemical reactivity due to the
presence of hydrazinic groups (one for each repeating unit).
This allows simple insertion of molecules including drugs or
positively charged groups into its structure (6-8).

Cationic derivatives of polyaspartylhydrazide, with dif-
ferent amount of positive charges, were prepared by reaction
with glycidyltrimethylammonium chloride (PAHy-GTA)
and these materials showed interesting potential for use as
systemic DNA carriers because of their relatively low
toxicity, absence of accumulation in the liver, good DNA
complexing and transfecting abilities (7). However, the
reaction between PAHy and GTA was not efficient enough
mainly in terms of molecular weight of resulting copolymers.
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Therefore we prepared different PAHy based polycations
with easily modulable positive charge amounts by the
reaction of PAHy with carboxypropyltrimethylammonium
chloride (CPTA) (PAHy-CPTA) to obtain proper molecular
weights of the resulting polycations. Preliminary physico-
chemical characterization studies on polyplexes obtained
with DNA (from calf thymus) evidenced the notable
properties of these polycations as gene delivery systems (8).
In this study it was shown that PAHy—-CPTA copolymers
efficiently retarded calf thymus DNA and protected the
DNA from nuclease degradation.

In the present paper a biological study on four PAHy—
CPTA polycations differing in positive charge amounts (18,
33, 45 and 58 mol% respectively) and in relative hydro-
philicity has been performed including biophysical evaluation
of polyplexes, cell interaction, in vitro transfection as well as
in vivo application.

MATERIALS AND METHODS
Materials

o,B-poly(aspartylhydrazide)-3-(carboxypropyl) trimethyl
ammonium chloride was synthesized with different degrees
of derivatisation (DD % molar percent) and molecular weights
as described (8) and used as a 10 mg/ml stock solution
dissolved in water.

Linear PEI with an average molecular weight of 22 kDa
(LPEI) was synthesized and used as described recently (9).
Branched PEI 25 kDa (BPEI) was purchased from Sigma-
Aldrich (Munich, Germany) and used as a 1 mg/ml stock
solution neutralized with HCIl. Plasmid pCMVLuc (Photinus
pyralis luciferase under control of the CMV enhancer/
promoter) was propagated in Escherichia coli and for in vitro
studies purified with the Qiagen EndoFree GigaKit (Qiagen,
Hilden, Germany) as described (10). For in vivo application
pCMVLuc was produced by Plasmid Factory (Plasmid Facto-
ry, Bielefeld, Germany) with an endotoxin content<l EU/mg
DNA. pCMVLuc was covalently labeled with the fluoro-
phores Cy3 or Cy5 using the Label IT kits (MIRUS, Madison,
WI) as described by Boeckle et al. (10). All other reagents
were purchased from Sigma-Aldrich (Munich, Germany).

Polyplex Formation

Polyplexes were generated by diluting DNA and PAHy-
CPTA copolymers in different buffers such as HBG (20 mM
HEPES pH 7.1, 5% glucose w/v), HBS (20 mM HEPES pH
7.1, 150 mM NaCl) or HBS1/2 (20 mM HEPES pH 7.1, 2.5%
glucose w/v, 75 mM NacCl) at indicated w/w or molar ratios of
amine/phosphate (N/P). Plasmid DNA was diluted to a final
concentration of 40 pg/ml (for in vitro studies) respectively
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400 pg/ml (for in vivo studies). The polymer solution was
diluted in the same buffer to a similar volume. PAHy—-CPTA
solution was added to the DNA solution followed by rapid
up-down pipetting (flash mixing) to ensure a homogenous
complex formation. For in vitro studies, polyplexes were
prepared at a final DNA concentration 20 pg/ml, for in vivo
application at 200 pg/ml. DNA/LPEI polyplexes were
prepared at a molar ratio of PEI nitrogen to DNA phosphate
(N/P) of 6 (in HBS1/2 for in vitro studies, in HBG for in vivo
application). The N/P ratio for PAHy-CPTA/DNA poly-
plexes denotes the molar ratio of quaternary amines (in the
CPTA group) to phosphate in DNA.

Measurement of Particle Size and Zeta Potential

Particle size and zeta potential of polyplexes was
measured using a Malvern Zetasizer 3000HS (Malvern
Instruments, Worcestershire, UK) as described recently
(10). For estimation of the surface charge, complexes were
further diluted with 10 mM NaCl solution to obtain a final
DNA concentration of 4 pg/ml.

Ethidium Bromide Exclusion Assay

Aliquots of PAHy—CPTA with different DD % or LPEI
were added sequentially to a DNA solution (20 pg/ml) in the
indicated buffer containing 400 ng/ml ethidium bromide
(EtBr) and the decrease in fluorescence measured in a
Varian Cary Eclipse fluorescence spectrophotometer (Var-
ian, Mulgrave, Australia). The EtBr/DNA fluorescence (Aex
510 nm, Aem 590 nm) was set to 100% prior to addition of
polycation.

Cell Culture

Neuro2A (murine neuroblastoma; ATCC CCI-131) cells
were cultured in DMEM (Biochrom, Berlin, Germany)
supplemented with 10% FCS. HuH7 (human hepatocellular
carcinoma; JCRB 0403; Tokyo, Japan) were cultured in
DMEM high glucose/F12 (1/1) supplemented with 10% FCS.

MTT Assay

Neuro2A cells were incubated with indicated amounts
of polycations in 100 ul DMEM/FCS. After 48 h of
incubation medium was removed and 200 pl of fresh
medium containing 0.5 mg/ml MTT (3-(4,5-dimethylthiazol-
2-y1)2,5-diphenyltetrazolium bromide) was added. Plates
were kept for 3 h at 37°C. During this period MTT is
converted into a colored, water insoluble formazan salt by

Table I. Molecular Parameters of PAHy—CPTA Copolymers

Y Mw (kDa) Mw/Mn DD % Mw/pos charge Yield %
PAHy-CPTA 0.25 11.4 1.21 18+2 877 97

0.5 11.1 1.20 3342 616 92

1.0 9.9 1.27 48+3 450 93

1.5 9.9 1.28 58+3 413 96
PAHy 14.5 1.50
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Fig. 1. Condensation of plasmid DNA by PAHy-CPTA copolymers.
DNA was diluted to 40 pg/ml in HBG buffer containing 400 ng/ml
Et-Br and fluorescence set to 100% as described in “MATERIALS
AND METHODS.” Indicated polymer solutions were added step-
wise and fluorescence measured. Measurements were carried out in
triplicates; mean valueststandard deviation are shown. Et-Br fluo-
rescence is plotted vs. polymer/DNA w/w ratio (a) or molar ratios of
amine (for PEIL: primary, secondary and tertiary, for PAHy-CPTA
quaternary) to phosphate in pDNA (b). Open diamond LPEL square
PAHy-CPTA18; diamond PAHy-CPTA33; circle PAHy—-CPTA48;
cross PAHy-CPTAS8

40

the metabolic activity of viable cells. Medium was removed
from the plates and the cells frozen at —80°C. After
thawing the cells 130 ul of DMSO solution was added to
dissolve the insoluble formazan salt and absorbance was
measured with a plate reader (Tecan, Grodig, Austria) at
590 nm deducting reference absorbance at 630 nm.

Erythrocyte Aggregation

Erythrocytes were obtained from fresh citrated mouse
blood, separated from plasma by centrifugation and washed
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several times with HBG buffer. 50 pl of the erythrocyte
suspension was diluted with 250 ul HBG buffer containing
10-100 pg of polymer and incubated at room temperature in
a 24-well plate for up to 20 minutes. Erythrocytes were
viewed with a Zeiss Axiovert-200 microscope (Carl Zeiss,
Oberkochen, Germany) after further dilution of the suspen-
sion (1:10 in HBG buffer) and pictures were taken with a
digital camera (Sony).

Luciferase Reporter Gene Assay

Cells were seeded in 96 well plates (TPP, Trasadingen,
Switzerland) at a density of 5,000 cells per well 24 h prior to
transfection. Transfection complexes prepared at different
polymer/(pCMVLuc) weight or charge ratios and added to
the cells in 100 pl fresh culture medium with FCS. Culture
medium was either changed 4 h after transfection and
replaced by 100 pl fresh culture medium; alternatively
polyplexes were kept on the cells until analysis of reporter
gene expression. Luciferase activity was measured after 24 or
48 h as described recently (10). Transfection efficiency was
expressed as relative light units (RLU) per seeded cells. Two
ng of recombinant luciferase (Promega, Mannheim, Ger-
many)) correspond to 107 light units (RLU).

Epifluorescence Microscopy

Cells were seeded in Lab-Tek 8 Chambered Coverglasses
(Nalge Nunc International, Naperville, IL, USA) at a density
of 10* cells per chamber 24 h prior to transfection. Polyplexes
were generated using 4% Cy3-labeled DNA and cells were
transfected at a concentration of 250 ng DNA per well in 200
pl FCS containing medium. After a 24 h incubation period at
37°C polyplex containing medium was exchanged by fresh
medium and live cells were viewed on an Axiovert 200
fluorescence microscope equipped with a Zeiss Axiocam
camera. Light was collected through a 63x1.4 NA oil
immersion objective. Cy3 fluorescence was excited using a
546/12 nm bandpass filter and emission was detected using a
575-640 nm bandpass filter. Transmitted light images were
collected using differential interference contrast (DIC).
Digital image recording and image analysis were performed
with the Axiovision 3.1 software (Zeiss).

Flow Cytometric Analysis of Cellular Polyplex Association

Cells were seeded in 12 well plates (TPP) at a density of
75,000 cells per well 24 h prior to transfection. Polyplexes
containing Cy5-labeled DNA (20% Cy5-DNA) were added
to the cells at a DNA concentration of 3 png per well (150
pl polyplex solution) in 1 ml of fresh culture medium with
FCS and incubated at 37°C for indicated periods of time. At
certain time points cells were washed twice with PBS,
harvested by treatment with trypsin/EDTA and stored on
ice until further analysis. Cell association of polyplexes was
assayed using a Cyan MLE flow cytometer (Dako, Copenha-
gen, Denmark). The fluorophore Cy5 was excited at 635 nm
and emission was detected at 665/20 nm. Data acquisition
was performed in linear mode and data were analyzed in
logarithmic mode. To discriminate between viable and dead
cells and to exclude doublets, cells were appropriately gated
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Table II. Size and Zeta Potential of PAHy-CPTA18 Polyplexes at a
Charge Ratio of 7.6 Polymer/DNA (20:1 w/w ratio)

buffer DNA (pg/ml)  size (nm) PI Zeta potential (mV)
HBG 20 358 0.04 n.d.

HBG 200 408 0.07 5.8+1.6
HBS1/2 20 1350 0.03 2.8+1.6

PI Polydispersity index
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Fig. 2. Cytotoxicity of polymers in vitro. 5,000 Neuro2A cells were
seeded in 96-well plates 24 h prior to incubation with polymers. The
indicated amount of polymer in 100 pl of serum containing medium
was incubated with cells for 48 h, thereafter MTT activity was
measured as described in MATERIALS AND METHODS. Relative
values compared to untreated control are presented. MTT activity is
plotted vs. polymer/DNA w/w ratio (a) or molar ratios of amine
concentration (for PEL: primary, secondary and tertiary, for PAHy—
CPTA quaternary) to phosphate in pDNA (b). Mean values from
triplicates+standard deviation are shown. Open diamond LPEI; open
square BPEL, filled square PAHy-CPTAI1S; filled diamond PAHy-
CPTA33; filled circle PAHy—CPTAA48; cross PAHy-CPTAS8

viability (% of control)
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by forward/side scatter and pulse width; 2x10* gated events
per sample were collected. Experiments were performed at
least in triplicates.

In Vivo Application, Systemic

A/J mice (10-12 weeks old, female, 20-23 g) were housed
in individually vented cages under specified pathogen free
conditions with a 12 h day/night cycle; food and water were
provided ad libitum. Animals received intravenous injections
of polymer solution or polyplexes via the tail vein. PAHy—
CPTAI18 polymer was applied at a concentration of 4 mg/ml,
LPEI at 0.2 mg/ml in sterile HBG. 48 hours after application
animals were sacrificed and perfusion fixed with formalin (4%
paraformaldehyde in PBS buffer). Livers were explanted and
embedded in paraffin. Five-micrometer thick sections of mice
liver were stained with hematoxylin and eosin for histological
analysis. Polyplexes were generated with an N/P ratio of 6
(LPEI) or a charge ratio of 7.6 (w/w 20) PAHy-CPTA18/
DNA) with a final plasmid DNA concentration of 200 pg/ml.
Control animals received 250 ul HBG alone or were not
treated at all. In case of polyplex applications, body weight of
animals was measured before application, 24 and 48 h after
injection.

In Vivo Application, Intratumoral

A/J mice (6-7 weeks old, female) were injected subcu-
taneously with 10° Neuro2A cells in 100 pl sterile PBS per
site as described (11), one each on the right and the left flank
of the animal. When tumors reached a diameter of approx. 10
mm, mice were anesthetized with 2% isofluoran in oxygen
and 100 pl of pDNA or polyplex solution (final DNA
concentration 200 pg/ml in HBG) were applied by

Fig. 3. Erythrocyte aggregation induced by polymers. Erythrocytes
were incubated with polymer solution as described in “MATERIALS
AND METHODS.” for 20 min at room temperature. The suspension
was viewed after further dilution of the suspension (1:10 in HBG
buffer). a Control; b 10 pg LPEI; ¢ 100 ug PAHy—CPTA48; d 100 pg
PAHy-CPTAS8
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Fig. 4. Cellular association of polyplexes with Neuro2A cells. Cells
were incubated with Cy5-labelled polyplexes for 4 (a), 8 (b) or 24
h (c), harvested and analyzed as described in “MATERIALS AND
METHODS.” Thin line control cells; black line LPEI/DNA N/P 6;
grey line PAHy—-CPTA18/DNA charge ratio 7.6. Experiments were
carried out at least in triplicates, representative curves are shown
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intratumoral application using a 25 G needle. 48 h after
application animals were sacrificed, tumors resected and
stored at —80°C. Tumors were homogenized in cell lysis
buffer (Promega, Mannheim, Germany) using an IKA-Ultra-
Turrax and luciferase activity of the lysates was determined
as described above. Luciferase background (approximately
200 RLU) was subtracted from each value and transfection
efficiency is expressed as RLU per 100 mg tumor tissue
(meantstandard deviation, n=4-6).

All animal procedures were approved and controlled by
the local ethics committee and carried out according to the
guidelines of the German law of protection of animal life.

STATISTICAL ANALYSIS

Where indicated, one-way analysis of variance
(ANOVA) with subsequent Duncan test was employed.

RESULTS AND DISCUSSION

The synthesis of a,B-polyaspartylhydrazide-carboxypro-
pyltrimethylammonium chloride copolymers (PAHy-CPTA)
used in this study have been performed as previously described
(8). Briefly, the covalent linkage of carboxypropyltrimethy-
lammonium chloride (CPTACI) to hydrazide group of PAHy
was performed in water solution at pH 4.75 by using N'-ethyl-
N”-dimethylaminopropylcarbodiimide (EDC) as coupling
agent. The degree of derivatization (DD%), indicated as
percentage of positive charged groups in comparison with
repeating units of PAHy, was calculated by 'H-NMR as
reported elsewhere (8). Four copolymers differing in DD %
were obtained by using increasing EDC amounts, expressed as
molar ratio of moles EDC and moles of CPTACI (Y=0.25, 0.5,
1.0 or 1.5); copolymers were purified by exhaustive dialysis
and obtained with a yield ranging from 90 to 97 w/w % based
on starting PAHy. Main molecular parameters of PAHy—
CPTA copolymers are reported in Table I. As expected as
DD % increases, the molecular weight/positive charge ratio
decreases. Moreover Table I shows that the molecular weights
of PAHy-CPTA copolymers are slightly lower than that of
parent PAHy indicating that during reaction between CPTA
and PAHy, in the presence of EDC, a limited degradation
process along the PAHy polymeric backbone occurs.

PAHy-CPTA copolymers at DD % of 18, 33, 48 and 58
were then used for subsequent studies of polyplex formation
and characterization.

Biophysical Properties of DNA/PAHy-CPTA Polyplexes

The extent of quenching/exclusion of ethidium bromide
(EtBr) bound to DNA by polycations is a measure for the
degree of DNA compaction obtained (12). Stepwise addition
of LPEI to EtBr labeled DNA resulted in rapid decrease of
the fluorescence signal measured (Fig. 1). Already at a
polymer/DNA ratio of 0.5 (w/w) (corresponding to an N/P
ratio of 3.8) 90% of the initial signal was quenched. In sharp
contrast, all PAHy—CPTA derivates were able to decrease
the signal only to approx. 50% at polymer/DNA weight ratio
40. This also indicates that considerable amounts of PAHy-
CPTA are free in solution at w/w ratios>5. In the case of PEI
based polyplexes, at N/P ratio of 6 (PEI/DNA 0.78/1 w/w)
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Fig. 5. Intracellular distribution of polyplexes. Neuro2A cells were incubated with Cy3-labelled polyplexes for 24 h. a LPEI polyplexes N/P 6
in HBS1/2; b PAHy-CPTAS8 polyplexes at N/P ratio 17 (corresponding to w/w polymer/DNA ratio of 20/1) in HBS1/2. Left panel

fluorescence, middle panel transmitted light (DIC), right panel overlay

40-60% of PEI appears in free, non-DNA bound form [see
(10)]. This correlates well with the agarose retardation assay,
were complete retardation of pPDNA with BPEI and LPEI is
observed at N/P ratios of 2-3. In the case of PAHy-CPTA,
complete retardation of DNA is observed for PAHy-CPTA
48 for w/w ratios between 2 and 3 [corresponding to N/P
ratios of 1.5:2.2; see (8)]. From these data we conclude that
e.g. at a w/w ratio of 20/1 PAHy-CPTA 48/pDNA, 80-90%
of the polymer is free in solution. Although efficient
retardation of DNA can be achieved, the polyplexes formed
appeared to have a rather loose structure. In terms of pro-
tection by nucleases this condensations seems sufficient (8).

Here we show particle size and zeta potential of PAHy—
CPTA1S polyplexes with plasmid DNA either measured in a
low ionic buffer (HBG) or in the presence of salt (HBS1/2)
(Table II). Similar to PEI polyplexes (13), PAHy-CPTA
polyplexes were aggregated in HBS1/2 and medium sized
(300400 nm) in HBG. Whereas polyplexes in HBS1/2
further aggregated with time, polyplexes generated in HBG
remained stable for at least 2 h. For all PAHy-CPTA
polyplexes zeta potential was below 10 mV, even when using
a 100/1 polymer/DNA w/w ratio (corresponding to N/P ratio
of 38, 56, 76 and 85 respectively for PAHy-CPTA 18, 33, 48
and 58%; data not shown).

Apparently the capacity of PAHy-CPTA being bound
to plasmid DNA is limited and the density of positive charge
is much lower compared to PEI, where every third atom in
the polymer backbone is a protonable nitrogen.

Cytotoxicity and Induction of Erythrocyte Aggregation

Lack of toxicity is a key issue for a further in vivo
application of polycations. Neuro2A murine neuroblastoma
cells were incubated for 48 h with increasing concentrations of
polymer in serum containing medium (Fig. 2). As expected,

LPEI was highly toxic already at low concentrations: >90% of
cells were killed at 20 pg/ml or above. Similar to results
obtained with PAHy-GTA (7), PAHy-CPTA did not result in
any cytotoxicity up to 80 pg/ml polymer, and at 1 mg/ml only
50% toxicity was observed. When calculating the concentra-
tion of polymer used based on amine (for PEI primary,
secondary and tertiary amines, for PAHy—-CPTA derivates
quaternary amines), a rather similar trend was observed:
whereas with BPEI and LPEI 50% toxicity was observed
between 0.1 and 0.5 mM amine, PAHY-CPTA induced the
same toxicity between 0.7 and 2 mM amine. There was no
significant difference within the four PAHy—CPTA derivatives
indicating that within this range the degree on derivatization
of PAHy does not correlate with cytotoxicity.

Polycationic molecules have the tendency to aggregate
erythrocytes due to electrostatic interaction with negatively
charged sialic acid residues, and aggregation behavior in vitro
correlates with toxicity in vivo (14). This aggregation
behavior can lead to acute toxicities after systemic applica-
tion in vivo due to lung embolism (11,13,15). As already
described by other groups and us, LPEI rapidly aggregated
erythrocytes already at low polymer concentrations (Fig. 3).
In contrast, even the PAHy—CPTA derivate with the highest
degree of derivatization (58% ) did not induce any aggregation,
also when increasing the polymer concentration to 1 mg/ml.

Cellular Interaction of PAHy—-CPTA Polyplexes

Binding of polymeric gene carrier to the cell surface
occurs by interaction of the usually positively charged
polyplex with cellular heparane sulfates (16,17). We have
carried out binding studies by flow cytometry and epifluores-
cence microscopy incubating Neuro2A with fluorescently
labeled polyplexes. Prior to condensation DNA was cova-
lently modified with either Cy5 (flow cytometry) or Cy3 dye
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(fluorescence microscopy). This type of labeling allows
reliable tracking of plasmid DNA, as the covalent type of
labeling prevents dissociation of the dye. Flow cytometry
revealed rapid cellular association of both LPEI polyplexes
and PAHy-CPTA polyplexes already after four hours (Fig. 4).
At this time point 60% of cells transfected with LPEI
polyplexes showed high fluorescence, whereas with PAHy-
CPTA polyplexes >80% of cells were highly fluorescent.
After total eight hours of incubation maximal cellular
association was obtained with PAHy-CPTA polyplexes,
whereas cell binding for LPEI polyplexes was further
increased after 24 hours. This indicates that cell binding of
PAHy-CPTA/DNA is even faster and more pronounced
then with LPEI/DNA, and the amount of cellular associated
plasmid increases with time. Although PAHy-CPTA poly-
plexes exhibit a lower surface charge compared to LPEI
polyplexes (+5 mV vs. +30 mV), this fast cellular binding
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Fig. 6. In vitro transfection of tumor cells. Cells were transfected in
96-well plates in 100 pl medium containing FCS either with
pCMVLuc/LPEI polyplexes (N/P 6 in HBS1/2, black bars) or
pCMVLuc/PAHy-CPTA polyplexes (as indicated, grey bars).
a Neuro2A cells were transfected with 200 ng DNA per well for 4
h. Thereafter medium was replaced by 200 pl fresh medium and
luciferase assay carried out after 24 h. pCMVLuc/PAHy-CPTAS8
polyplexes were generated in HBS1/2 with different w/w (N/P) ratios
as indicated in the figure. b Neuro2A cells were transfected with 500
ng pCMVLuc per well for 48 h and luciferase assay carried out
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with cells occurs. Microscopy studies have been carried out
after 24 h of incubation with polyplexes. Differences in the
intracellular distribution patter for the polyplexes can be
observed (Fig. 5). LPEI polyplexes form large aggregates on
and in the cells and also on the plastic surface being visible
also in transmitted light. Similar observations have been
already described in the literature (13). Besides other effects,
like endosomal buffering, the aggregation of LPEI poly-
plexes is responsible for its very high transfection efficiency
in vitro. Comparing the aggregation behavior of BPEI and
LPEI, Wightman et al. (13) could show that LPEI polyplexes
have a much higher tendency to aggregation compared to
BPEI polyplexes leading to very high levels of transgene
expression in vitro. Nevertheless, for in vivo delivery such
massive aggregation will prevent polyplexes to reach distant
organs after systemic application and result in the entrap-
ment in the lung. DNA delivered by PAHy-CPTA poly-
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thereafter. pCMVLuc/PAHy-CPTA polyplexes were generated in
HBS1/2 with polymer/DNA w/w ratio of 20:1 corresponding to a N/P
ratio of 7.6, 11.2, 15.2 and 16 for PAHy—-CPTA 18, 33, 48 and 58%
respectively. PAHy-CPTA copolymers with different degree of
derivatization were used as indicated. ¢ Neuro2A cells were trans-
fected as in B. pPCMVLuc/PAHy—CPTA18 polyplexes were generat-
ed in the indicated buffer with N/P ratios of 7.6. d HuH7 cells were
transfected as in (b). pCMVLuc/PAHy-CPTA18 polyplexes were
generated in HBS1/2 with N/P ratio of 7.6. Mean values of
triplicates+standard deviation are shown
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plexes was found in rather small compartments inside the cell
and no larger aggregates were seen in transmitted light.
Apparently there was efficient internalization of DNA
achieved with PAHy-CPTA polyplexes.

In Vitro Transfections

Having shown the low toxicity and efficient internaliza-
tion of PAHy-CPTA polyplexes, transfection studies using
luciferase were carried out on two different tumor cell lines.

Transfection of the murine neuroblastoma cell line
Neuro2A revealed that under standard transfection condi-
tions usually used for LPEI polyplexes (4 h incubation period
of complexes with cells, subsequent removal of polyplexes
and assay for reporter gene expression 24 h thereafter) only
very low levels of luciferase expression can be achieved with
PAHy-CPTA polyplexes (Fig. 6a). A considerable increase
in reporter gene expression was achieved when keeping the
polyplexes on the cells for up to 48 h (B). A significantly
increase in reporter gene expression was observed using 500
ng or compared to 200 ng (data not shown) DNA per well.
Transfection with 500 ng resulted in slightly higher expres-
sion values compared to 200 ng. In separate experiments,

Fig. 7. Liver histology after polymer application. Polymers were
injected as described in materials and methods at a dose of 2.5 mg/kg
for LPEI and 50 mg/kg for PAHy-CPTA18. a HBG only, b LPEI,
¢ PAHy-CPTAI1S; left panel final magnification 50-fold; right panel
final magnification 580-fold
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Fig. 8. Systemic application of polyplexes. Polyplexes were injected
at a dose of 2.5 mg/ml DNA into the tail vein of A/J mice.
Bodyweight of animals was monitored prior to injection, 1 and 2
days thereafter and the relative weight loss calculated. Mean values
obtained from two to eight animalststandard deviation are shown.
##%p<0.001, LPEI compared to all other groups (ANOVA, Duncan
test). Open diamond LPEL filled square PAHy—CPTAIS; filled
diamond PAHy-CPTA33; filled circle PAHy-CPTAA48; cross
PAHy-CPTASS

different polymer/DNA charge ratios were tested (data not
shown). For example between a 3.8 and 38 polymer/DNA
charge ratio for PAHy—CPTA 18 or 8.5 and 85 polymer/DNA
charge ratio for PAHy-CPTA 58 there was no significant
difference observed. Although cellular binding of polyplexes
was very efficient already after four hours of incubation (Fig.
4), this was obviously not enough to obtain efficient transgene

Fig. 9. Liver histology after polyplex application. Mice were injected
with HBG (a), LPEI/DNA polyplexes (b), PAHy-CPTAS58/DNA
polyplexes (¢) or PAHy-CPTAS58 (d) and sacrificed 48 h after
injection; final magnification 580-fold
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Fig. 10. Transgene expression after intratumoral application. Mice
were injected intratumorally with 100 pl of naked DNA or PAHy-
CPTA polyplexes (w/w ratio 20:1 PAHy-CPTA 58/DNA, N/P ratio
16:1) containing 20 pg of pDNA. Luciferase expression was
quantified 48 h after injection as described in “MATERIALS AND
METHODS.” Mean values from four to six tumors+stddev are
shown

expression when exchanging the transfection medium after
four hours. The total amount of cell bound DNA obtained
using PAHy—-CPTA polyplexes is already higher then the one
obtained with LPEI polyplexes. So we conclude from the flow
cytometry experiments but also from the transfection results in
Fig. 6b (increased incubation time) that further internalization
of PAHy-CPTA is necessary for efficient transgene expres-
sion. We have recently observed that free LPEI enhances
transfection of LPEI polyplexes and colocalizes within intra-
cellular vesicles leading to improved endosomal release (10). It
is conceivable that free PAHy-CPTA can cause a similar
effect, but within an extended period of time. In separate
experiments we have also investigated the influence of the
endosomolytic drug chloroquine on PAHy-CPTA polyplex
transfection (data not shown). A ten-fold increase in luciferase
expression was achieved with 25 uM chloroquine present
during 48 h of transfection. Further increasing the drug
concentration led to decreased transgene expression due to
toxic side effects of the drug. The buffer composition strongly
influences the aggregation behavior of polyplexes with PEI
(13,18). It was recently shown that HEPES buffer containing
75 mM salt was optimal for generation of LPEI polyplexes
with a size of one micrometer resulting in maximal reporter
gene expression on different tumor cell lines including
Neuro2A (13). Although also PAHy-CPTA polyplexes aggre-
gated in the presence of salt (see Table II), this had less
influence on transfection efficiency (Fig. 6c). Nevertheless,
using HBS1/2 or HBS as a complexation buffer a six-fold
increase in luciferase expression was found compared to
PAHy-CPTA polyplexes generated in HBG. Besides Neu-
ro2A cells also the human hepatoma cell line HuH7 was
transfected under similar conditions (Fig. 6d). Again, with
LPEI polyplexes a high transfection level was found, transfec-
tion efficiency with PAHy-CPTA polyplexes was approx. 1%
of LPEI polyplexes.

Transfection activity of PAHy—CPTA polyplexes is in
the best case ten fold lower compared to optimized LPEI
polyplexes; but it has to be mentioned that in comparison
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with PEI polyplexes based on branched PEI transfection
levels are similar (A. Kotha, M. Ogris, unpublished results).
All transfections with PEI and PAHy-CPTA based poly-
plexes were carried out at final polymer concentration
showing less then 50% toxicity when applied without DNA
(as shown in Fig. 2).

In Vivo Application

From our previous observations we knew that at
elevated PAHy-CPTA/DNA ratios (20/1 w/w), optimal
protection against enzymatic DNA degradation can be
achieved in vitro (8). Hence, we have chosen the 20/1 w/
w ratio (corresponding to an N/P ratio of 7.5 (PAHy-CPTA
18), 10.7 (PAHy-CPTA 33), 14.7 (PAHy-CPTA 48) and 16
(PAHy-CPTA 58) for the systemic application of polyplexes
in vivo.

First, polymers alone (2.5 mg/kg LPEI or 50 mg/kg
PAHy-CPTAI18) were injected intravenously into A/J mice
and the liver examined for histopathological changes 48
h after injection (Fig. 7). Livers of animals receiving LPEI
showed signs of microvesicular fatty liver in the periphery,
which is also described after acute and chronic intoxication.
Although PAHy-CPTA polymers were injected with a 20-fold
higher dose (PAHy-CPTAI18 in Fig. 7c, PAHy-CPTAS8 in
Fig. 9d), no histopathological changes were observed.

After intravenous application of LPEI polyplexes mice
showed slight signs of shock, like ruffled fur and reduced
activity. Significant toxicity was observed after 24 h and 48 hin
terms of weight loss (Fig. 8). In sharp contrast, no weight loss
was observed for PAHy—CPTA polyplexes applied at a dose
of 50 mg/kg PAHy—CPTA (Fig. 8). Two days after polyplex
application, the liver was also examined for histopathological
changes (Fig. 9). LPEI polyplexes caused significant liver
damage (Fig. 9b), although lo to a lesser extent compared to
LPEI alone. Similar observations were also made by Chollet
et al (15), where damage of lung and liver tissue was found.
Again, with PAHy-CPTAS58 (9C) or PAHy-CPTAS8 poly-
plexes (9D) no histopathological changes were observed.

No significant levels of transgene expression were
observed when injecting PAHy-CPTA based polyplexes
intravenously into mice (M. Ogris, unpublished observa-
tions). Hence, we carried out intratumoral injections in A/J
mice bearing subcutaneous implanted Neuro2A tumors. A
measurable, but low transgene expression was found for
PAHy-CPTA 58 polyplexes (Fig. 10), which was approx.
five-fold higher compared to naked pDNA. Currently we are
evaluating different cationic side chains for PAHy modifica-
tion with some of them being efficient in gene delivery both
in vitro and in vivo (manuscript in preparation).

CONCLUSIONS

In summary it can be said that PAHy—CPTA has an
excellent toxicity profile both in vitro and in vivo being
almost non toxic even at elevated polymer doses. Polyplexes
with plasmid DNA are efficiently internalized by cells and
lead to considerable levels of transgene expression. These
properties make PAHy-CPTA a promising candidate for
systemic gene delivery in vivo. Since the transfection
efficiency in vitro and in vivo is still improvable, we are



2222

now evaluating other polycationic gene delivery vectors
based on PAHy for tumor gene delivery.
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