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ABSTRACT: Nonviral genetic therapeutic intervention strat-
egies for neurological disorders hold great promise, but a lack
of vector efficacy, coupled with vector toxicity, continue to
hinder progress. Here we report the application of a newly
developed class of polymer, distinctly different from conven-
tional branched polymers, as a transfection agent for the
delivery of glial cell line derived neurotrophic factor (GDNF)
encoding gene. This new 2-(dimethylamino)ethyl methacry-
late (DMAEMA) based cyclized knot polymer was studied for
neuronal cell transfection applications, in comparison to
branched polyethyleneimine (PEI). While showing a similar
transfection profile over multiple cell types, the cyclized knot
polymer showed far lower toxicity. In addition, transfection of
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Neu?7 astrocytes with the GDNF encoding gene was able to cause neurite outgrowth when cocultured with dorsal root ganglia
(DRGs). The cyclized knot polymer assessed here (PD-E 8%PEG), synthesized via a simple one-pot reaction, was shown to have

great potential for neuronal gene therapy applications.
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rowth factors such as glial derived neurotrophic factor

(GDNE)' potentially provide a means of disease
modifying therapeutic intervention for neurological diseases
such as Parkinson’s disease (PD). While GDNF has been
extensively proven to protect dopaminergic neurons in animal
models of PD,> the short protein half-life* means that the
timing of administration is critical.’ Translation to clinical trials
for patients with PD has required direct cannulation of patients
and a continual infusion (to overcome the short protein half-
lif) of GDNE.*™® Varymg efficiency (perhaps attributed to
cannulae type or dosing”), effects being reversed post therapy,'’
device related problems such as infection,® excoriation,'® and
migration® all provide rationale for gene therapies based upon a
one-off intervention strategy.

Nonviral gene vectors, while largely are not as efficacious as
the viral counterpart, offer a means of transfecting neuronal
cells" "% without the perceived safety concerns often
associated with the use of viral vectors.''® Trojan horse
liposomes with surface coatings of poly(ethylene glycol) (PEG)
and compacted DNA nanoparticles based on PEG substituted
lysine peptides have been used to successfully produce GDNF
transgene expression in the mammalian central nervous system
(CNS).'*'” PEG modified poly(amido amine) (PAMAM)
dendrimers have also been used to deliver the GDNF encoding
gene,'® whereby conjugating targeting peptides (lactoferrin and
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transferrin) allowed brain uptake of 0.1% and 0.14%
(respectively) post systemic delivery.'” Two different structures
of the polymer vector, polyethyleneimine (PEI), have been
used to deliver marker genes to the brain by direct injection.
The earlier of these studies used branched PEIs, with the most
successful results being the ones which used PEI of molecular
weight 25 kDa.*° Later, a linear 22 kDa version of PEI was also
used in the mouse brain and was found to transfect both
neurons and glia cells.”'

All of the aforementioned Ipolymer vectors have differing
structures, namely, linear," "' branched,*® or the symmetrical
three-dimensional highly branched dendrlmer.18 The depend-
ence of gene vector efficacy upon polymer structure has
previously been reported for cationic 2-(dimethylamino)ethyl
methacrylate (DMAEMA) based polymers, whereby an
increase in transfection capability was observed when branching
was introduced into the structure.’”*® In addition, we have
recently shown that an entirely new structure of polymer,
termed a “cyclized knot”, can be synthesized, whereby the
growing chains link upon themselves (intramolecular cross-
links) instead of linking with neighboring chains (traditional
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“(a) Representation of the action of fluorescent intercalating agent SYBR Safe on naked plasmid DNA, where a strong intercalation leads to high
fluorescence. (b) Representation of the monomers used in the synthesis and resulting cyclized knot structure, where PEG = poly(ethylene glycol)
methyl ether methacrylate, DMAEMA = 2-(dimethylamino)ethyl methacrylate, and the branching agent used is ethylene glycol dimethacrylate
(EGDMA). When this cyclized knot polymer interacts with DNA, a certain degree of intercalation still takes place, indicating loose polyplex
formation. (c) The 25 kDa hyperbranched PEI, with every third atom protonizable, results in an almost complete loss of intercalation, which

indicates strong condensation of DNA.

branching, intermolecular cross-links).>* To form these soluble
knotted structures, a high molar ratio of branching monomer
(ethylene glycol dimethacrylate (EGDMA)) and a highly
controlled polymerization reaction are required to avoid
gelation, previously deemed both theoretically™ and exper-
imentally impossible.”**” Deactivation enhanced atom transfer
radical polymerization (DE-ATRP)*® suppresses intermolecular
reactions and allows a high molar ratio of EGDMA to be
used.” A series of DMAEMA based cyclized knot transfection
agents were designed and synthesized by this reaction
mechanism and analyzed over a range of cell types. The one
containing 8% PEG with a molecular weight of 30 kDa, termed
PD-E 8%PEG, showed a generally higher transfection efficiency
profile with lower cytotoxicity than that of the SuperFect
PAMAM dendrimer control.*

While initial studies with the cyclized knot polymer showed
high transgene expression with luciferase and green fluorescent
protein plasmids, it was desired to optimize this system for the
delivery of plasmid GDNF (pGDNF) for neuronal applications.
It is therefore hypothesized that this new class of polymer, with
a high transfection capability, could successfully transfect a
range of CNS specific cell types and deliver the GDNF
encoding gene to produce a functional outcome, measured by
dorsal root ganglion (DRG) neurite outgrowth. Furthermore,
the existence of PEG in the polymer structure will render the
polymer less cytotoxic than PEI, a polymeric transfection agent
that has been studied for applications in the mammalian brain.
Lastly, with a long-term view to a single therapeutic
intervention strategy for neurological diseases such as PD, we
aimed to study whether greater GDNF functionality could be
achieved via a GDNF transfection strategy, or a recombinant
protein administration strategy. To do this, a DRG neurite
length assay was performed to measure the bioactivity of the
transgene protein in comparison to administration of
recombinant protein.

541

The cyclized knot polymer was synthesized by DE-ATRP to
a final molecular weight (M,,) of 32.4 kDa and a polydispersity
index of 1.54,%° so as to be of similar molecular weight as the 25
kDa branched PEI control. As outlined in Scheme 1, PD-E 8%
PEG contains EGDMA, 45% of which is used in intramolecular
cyclization reactions, with the remaining containing free vinyl
groups. These functional groups leave the potential open for a
range of post synthesis modifications by simple chemistries.

Polyplexes were formed with pGDNF at a variety of polymer
to plasmid ratios (w/w). Characterization of the size and charge
of the polyplexes formed using PD-E 8%PEG shows that at
polymer/plasmid ratios between 2:1 and 5:1 a size of between
90 and 130 nm was formed (as determined by dynamic light
scattering (DLS) with zeta potentials between 35 and 48 mV
(Figure la; see Supporting Information (S1) Figure 1 for
transmission electron microscopy (TEM) image). Figure 1b
shows images taken from an agarose gel post electrophoresis,
showing no mobility through the gel of the PD-E 8%PEG
polyplexes or the PEI control at a 2:1 ratio (w/w). It should be
noted here that the weight to weight ratio is used for greater
accuracy; however, a conversion to the commonly used
nitrogen/phosphate (N/P) ratio is as follows for PD-E 8%
PEG: 2:1 w/w (0.96:1 N/P), 3:1 w/w (1.4:1 N/P), 4:1 w/w
(1.9:1 N/P), and S:1 w/w (2.4:1 N/P). Due to the inclusion of
neutral EGDMA and PEG, PD-E 8%PEG has much lower
charge density than PEI, which at a 2:1 w/w ratio equates to
~15:1 N/P ratio).

By use of the intercalating dye SYBR Safe, the degree of
intercalation was used as an indicator of the change in DNA
conformation during polyplex formation. As expected, high
intercalation between naked DNA and SYBR Safe resulted in a
high fluorescence intensity. However, as Scheme 1 visually
represents, this fluorescence intensity is reduced upon changing
the conformation of the DNA by being condensed into a
polyplex.”® Interestingly, a low SYBR Safe fluorescence
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Figure 1. (a) Size and zeta potential analysis of the polyplexes formed
with PD-E 8%PEG at various polymer/plasmid ratios (w/w) showing
the condensation of plasmid DNA at 2:1 ratio with diameters between
90 and 130 nm. (b) Gel electrophoresis imaging showing no
movement through the gel of polyplexes. (c) Optical density
measurements (bars) of the above SYBR Safe fluorescence and 260/
280 nm ratio (line), both indicating that there is a difference in
polyplex formation between PEI and the cyclized knot polymer PD-E
8%PEG.

intensity was observed with PEI polyplexes (quantified in
Figure 1c), but remains unchanged for PD-E 8%PEG
polyplexes at a S:1 ratio. Previous studies using PicoGreen,
another intercalating agent, to observe complexed DNA also

showed that the fluorescence intensity varies according to the
transfection agent used, with PEI and SuperFect and poly-1-
lysine causing a large reduction in DNA intercalation.®" As
outlined in Scheme 1b and ¢, this reduction is likely due to a
large change in DNA conformation upon complexing with PEI,
which is less so when the cyclized knot polymer is used. In
addition, when UV/vis spectroscopy was used to analyze the
polyplexes, the 260/280 nm ratio was altered for the DNA
contained within PEI polyplexes, but less so for cyclized knot
polyplexes (Figure lc and SI Figure 2). Although the 260/280
ratio is typically used to measure DNA purity, it has been
shown that for lipoplexes reaching a size in the range of the
wavelength measured (230—300 nm) Raleigh scattering can
effect the UV spectra.32 However, the polyplexes formed here
are of the same size magnitude as those of PEI (see the SI),
indicating that perhaps a loose polyplex formation was
occurring with cyclized knot polymers, as also indicated in
the case of some other branched polymers.>® Despite this loose
formation, the polyplexes still protect the DNA from enzymatic
degradation (see SI Figure 3).

The transfection profile of PD-E 8%PEG across multiple cell
lines was analyzed in comparison to naked G-Luciferase (G-
Luc) DNA and PEI (Figure 2). The human dopaminergic
neuroblastoma (SHSY-SY), rat neuroblastoma (B104), the
neuro-inhibitory astrocyte cell line (Neu?7), primary astrocytes
extracted from newborn rat pups and pheochromocytoma cells
(PC12) were used as model systems for assessing the
transfection capability of the cyclized knot polymer. The
cytotoxicity of the polyplexes were also analyzed using these
cell types. PEI gave statistically higher luciferase transgene
expression in two of the cell types (Figure 2 — left panel).
However, the right-hand panel of Figure 2 shows that the PD-E
8%PEG, at a polymer/plasmid ratio of 4:1, exhibits a
statistically lower effect on cell viability that PEI at a ratio of
2:1. As previously shown, this cyclized knot polymer has a
superior transfection/cytotoxicity profile when compared to the
SuperFect polyamidoamine (PAMAM) dendrimer, and the
toxicity profile is dependent upon the degree of PEGylation.*
Here we use the 8%PEGylated polymer, and show that this
level allows over 80% cell viability to be obtained in all cell
types tested. The high transfection capability of this cyclized
knot polymer is likely due to the combination of having a dense
three-dimensional structure (like that of the dendrimer), the
low polydispersity index (reducing the number of less efficient
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Figure 2. Transfection capability (left-hand panel) and cell viability analysis (right-hand panel) of PD-E 8%PEG in comparison to naked DNA
(negative control) and PEI (positive control) over a range of cell types. PD-E 8%PEG exhibits a comparable transfection profile to PEI, but with
markedly less cytotoxicity (* marks statistically significant difference from PEI group (P < 0.5), n = 4, error bars represent + standard deviation).
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Figure 3. (a) Analysis of the cumulative GDNF concentration in the supernatant media of Neu?7 cells at indicated time points post transfection with
PD-E 8%PEG. (b) Results of the coculture experiment whereby the maximum neurite length of DRGs seeded upon a bed of Neu7 was measured.
Neu? cells alone or those treated with naked pGDNF showed the smallest neurite outgrowth. The transfection group (PD-E 8%PEG) showed an
average maximum length of ~3 ym. The group that received recombinant GDNF at the time of DRG seeding also showed long neurite extensions
(* marks a statistically significant difference from naked DNA group (P < 0.5), n = 4, minimum of 20 images obtained, error bars represent +
standard error of the mean). (c,d) Typical micrographs from the groups naked DNA (c) and PD-E 8%PEG GDNF (d), where blue (DAPI) is the
nuclear stain of the bed of astrocytes and green (SIII tubulin immunostain) shows the DRG cell body and neurite extension.

variants), the inclusion of PEG (reduced toxicity to allow more
viable cells to be transfected), and that the polyplexes formed
have a loose association with plasmid DNA.

GDNEF is a secreted protein, meaning that, for applications in
neurological disorders such as Parkinson’s disease, specific
targeting to dopaminergic neurons (those lost in Parkinson’s
disease®®) is not necessary. If cells of the striatum (where
dopaminergic neurons terminate) are targeted, then the effects
of GDNF transgene expression should be observed regardless
of which cell type is transfected. With this in mind, we sought
to create a coculture model of neurons seeded upon a bed of
astrocytes. Neu7 immortalized astrocytes (Fawcett labora-
tory)>> showed the highest luciferase transgene level and so
were chosen to be the substrate cell line. Dorsal root ganglia
(DRGs) have been previously been shown to be affected by
GDNF in terms of neurite extension,>® and were used to
analyze if the resulting transgene activity post transfection was
biologically active.

Transfection of Neu7 cells with the plasmid encoding for
human GDNF (pGDNF) was then performed using PD-E 8%
PEG and compared that of naked pGDNF DNA. The
cumulative release of transgene GDNF was shown to increase
during the studied period of 4 days (Figure 3a and SI Figure 4)
as measured by ELISA. With increasing GDNF levels from day
1 to day 2, it was decided that, for the coculture model, DRGs
would be added 30 h post transfection and analyzed at 60 h
post transfection. Naked DNA, PD-E 8%PEG polyplexes, or
recombinant GDNF (GDNF Early) were administered to Neu7
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cells 30 h prior to the addition of the DRGs. A cell-alone group
was also included that received no treatment. Upon addition of
the DRGs, a further group received recombinant GDNF
(GDNF Late). Figure 3b shows that transfecting a bed of
astrocytes prior to the addition of DRGs results in a significant
increase in the maximum neurite length of DRGs. As expected,
the GDNF early group showed no increase in maximum neurite
length as the media was changed 12 h post addition.
Interestingly, the administration of 10 ng of recombinant
GDNF at the time of seeding the DRGs (GDNF Late) resulted
in neurite lengths comparable to the transfection group,
highlighting the effect of a one-off transfection strategy.

In conclusion, the 2-(dimethylamino)ethyl methacrylate
based cyclized knot polymer shows a comparable neuronal
cell transfection profile in comparison to PEI, but with reduced
toxicity. The use of DE-ATRP allows the incorporation of
branching monomers and PEG moieties in situ, the latter of
which has been shown to reduce the toxicity of the polymer.
Study of the polyplex formation reveals that there is a difference
in the intercalating ability of intercalating agents between
polyplexes formed with the cyclized knot polymer and a
commonly used transfection agent, PEL This study also shows
that a cyclized knot polymer can be used to overexpress GDNF
in an astrocyte cell line which has a functional effect on
coseeded DRGs. The versatile nature of DE-ATRP and the
encouraging initial results show this chemistry to be a platform
technology from which to build on, through the incorporation
of degradable monomers to further increase efficiency.
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B METHODS

Formation and Characterization of Polyplexes. The cyclized
knot polymer (PD-E 8%PEG) was synthesized as previously
reported,®® with a brief outline being described in the Supporting
Information. Two plasmids were used for these studies. The plasmid
encoding GDNF (pGDNF) (see SI for details of plasmids) was used
for polyplex formation analysis and subsequent functional assays. A
reporter gene encoding the Gaussia Princeps Luciferase (pG-Luc) was
used for the transfection and cytotoxicity assessment over a range of
cell types. Polyplexes were formed by adding varying weight ratios of
plasmid and polymer made up as solutions in RNase free water
(Sigma), and incubating at room temperature for 30 min prior to use.
Using 25 ug of DNA per polyplex sample, size and zeta potential
measurements were carried out using a Zetasizer Nano-2590
instrument (Malvern Instruments) as described previously.”” Using
1 pug of DNA per sample, 15 uL polyplex solutions were made up for
gel electrophoresis (S uL), UV spectroscopy (3X uL), and
transmission electron microscopy sample preparation (3 L) (for
further details, see the SI). Negative and positive controls of a plasmid
solution alone (Naked DNA) and polyplexes formed with the
branched PEI polymer (at a 2:1 w/w ratio (~15:1 N/P ratio)) were
used, respectively. Optical density measurements were obtained from
the gel electrophoresis images using Image] software to determine the
level of intercalation occurring with the complexed DNA.

Transfection Analysis. All cells were cultured using standard
sterile cell culture techniques at 37 °C, 5% CO, and in a humidified
incubator. The media used for the individual cell lines is described in
the SI. Twenty-four hours prior to experimentation cells were seeded
into 96-well plates at a density of 10 000 cells per well. Polyplexes were
made up fresh prior to use as described above, using the plasmid
encoding a cell secreted form of G-luciferase. Polyplexes containing 1
pug of DNA were added to the existing fetal bovine serum
supplemented media of each well, so all experiments were carried
out in the presence of serum. A weight of 1 g of naked DNA was
added to each well as a negative control for both the transfection and
the cytotoxicity studies. Twenty-four hours post addition of the
samples, the cell supernatant was removed for transfection analysis. A
volume of SO uL of this supernatant was transferred to each well of
opaque black 96-well plates, and the BioLux Gaussia Luciferase Assay
Kit (New England BioLabs) was used according to the manufactures
protocol. Luminescence values were read immediately using a
Varioskan Flash plate reader (Thermo Scientific) equipped with
Skanlt software, and the average of the four readings was plotted.

Cell Viability Assessment. The effect of the polyplex solutions on
the cells metabolic activity was measured immediately post trans-
fection, that is, once the media was removed for transfection analysis.
The cells were washed twice with Hank’s balanced salt solution
(HBSS) (Sigma), and 100 uL of a 10% solution of the alamarBlue
reagent (made up in HBSS) was added to each well and incubated for
a further 3 h. The absorbance values at 595 and 550 nm were then
read using the Varioskan Flash plate reader according to the
manufacturers’ protocol and converted to a percentage of cell viability
by normalizing to the Naked DNA treatment.

GDNF Transfection and Neurite Outgrowth Assay. Neu7 cells
were cultured and seeded 24 h prior to assessment at 10 000 cells per
well of a 24 well plate containing 2 mL of cell media. Naked DNA
controls or cyclized knot polyplexes were prepared as outlined above,
but with 1 ug of pGDNF, and added to the cell medium (followed by a
gentle tap to improve distribution). A volume of SO yL was then
immediately removed from each well and stored at —20 °C for later
enzyme-linked immunosorbent assay (ELISA) analysis. Then at each
time point a further 50 yL was removed and stored at —20 °C. Once
all the samples were collected, a human GDNF duo set ELISA kit
(R&D Systems) was used per protocol to determine the cumulative
amount of GDNF production.

For functional analysis, Neu7 cells were seeded at 10 000 cells per
well in 8-well glass chamber slides that were precoated with poly-L-
lysine. Although higher than the above study, this low seeding density
was chosen so as to allow for proliferation over the 4 days due to the
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tendency of Neu7 astrocytes to lift off from the culture substrate when
nearing/reaching confluency. For this study, the smaller 8-well glass
chamber slides were used with a higher cell density, the same polyplex
quantity, and smaller volume of media, thereby increasing the
transgene expression concentration to ~1 ng/mL (see SI Figure 5).
Twenty-four hours later, the treatment groups of either; 1 pg of Naked
DNA (negative control), cyclized knot polyplexes (1 g of pGDNF),
or 10 ng/mL of human recombinant GDNF (GDNF Early) were
added to the culture medium. After 12 h, the media was replaced with
fresh media, and at 30 h post treatment dorsal root ganglia (extracted
from adult rats according to the protocol in ref 38) were added to each
well at a concentration of 1000 cells per well. A further treatment
group was added here, that received 10 ng of human recombinant
GDNF at the time of DRG addition (GDNF Late). A further 30 h
post addition of DRGs, cells were washed, fixed, and immunostained
using the neuronal specific SIII tubulin monoclonal antibody (Tuj1;
Abcam) as described previously.> After the final washes, the walls of
the chambers were removed and the slides were mounted using
VECTASHEILD (Vector Laboratories, UXK.) mounting medium
containing the nuclear counter stain DAPI. A minimum of 20 images
were taken using an upright fluorescence microscope (Olympus BX51,
Mason Technologies), and Neuron] (within Image] software) was
used to trace and measure the longest DRG neurite.

Statistical Analysis. To compare the transfection capability/
cytotoxicity of PD-E 8%PEG with PEI, Student ¢ tests were performed
for each cell line. One-way ANOVA was used to compare the neurite
lengths. In both cases, P < 0.05 was considered as a statistically
significantly difference between groups.

B ASSOCIATED CONTENT
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Description of materials used, polymer synthesis details,
polyplex characterization methods, cell culture techniques,
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