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ABSTRACT

Genetically engineered neural stem cell (NSC) transplant populations offer key benefits in
regenerative neurology, for release of therapeutic biomolecules in ex vivo gene therapy. NSCs
are ‘hard-to-transfect” but amenable to ‘magnetofection’. Despite the high clinical potential of
this approach, the low and transient transfection associated with the large size of therapeutic
DNA constructs is a critical barrier to translation. We demonstrate for the first time that DNA
minicircles (small DNA vectors encoding essential gene expression components but devoid of
a bacterial backbone, thereby reducing construct size versus conventional plasmids) deployed
with magnetofection achieve the highest, safe non-viral DNA transfection levels (up to 54%)
reported so far for primary NSCs. Minicircle-functionalized magnetic nanoparticle (MNP)-
mediated gene delivery also resulted in sustained gene expression for up to four weeks. All
daughter cell types of engineered NSCs (neurons, astrocytes and oligodendrocytes) were
transfected (in contrast to conventional plasmids which usually yield transfected astrocytes
only), offering advantages for targeted cell engineering. In addition to enhancing MNP
functionality as gene delivery vectors, minicircle technology provides key benefits from
safety/scale up perspectives. Therefore, we consider the proof-of-concept of fusion of
technologies used here offers high potential as a clinically translatable genetic modification

strategy for cell therapy.
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1. Introduction

Neural stem cell (NSC) mediated gene therapy holds considerable promise for the treatment
of diseases, injuries and malignancies of the central nervous system (CNS). NSCs can
function as a cell source for ‘restorative cell therapeutics’ in sites of neuropathology (given
their capacity for self-renewal and multipotentiality) [1,2]. They create an environment
permissive for repair by releasing pro-regenerative and immunosuppressive proteins, and
these cells have rapidly progressed to clinical trials for several neurological disorders [3—7].
NSCs have key properties making them particularly attractive as vehicles for delivery of
therapeutic molecules to neurological injury sites, such as the ability to migrate long distances
in nervous tissue. Specifically, they show migration towards pathology sites such as
tumours/neurodegeneration (termed ‘pathotropism’) [8,9]. Intravenously delivered NSCs can
cross the blood-brain barrier surrounding neural tissue into pathology foci - a phenomenon
modulated by inflammation, astrocytosis and blood vessel formation - minimising adverse
effects in surrounding normal host tissue [10]. These cells can be propagated for extended
periods in culture offering flexibility for genetic modification techniques. Additionally, they
show functional integration into the host microenvironment with little evidence of adverse
consequences [10]. Therefore, a widely held belief is that these cells could aid in overcoming
a major challenge of CNS gene therapy, namely, how to safely and effectively target
therapeutic genes to diseased/injured tissue. This is particularly relevant to complex
neurological pathologies wherein multiple therapeutic targets must be addressed to achieve

repair (i.e. ‘combinatorial therapy’) [11].

Several preclinical models of CNS pathology have demonstrated the utility of genetically
engineered NSCs for improving functional neurological outcomes [12—-16]. Recent data prove
that transplantation of NSCs engineered to release insulin-like growth factor (IGF-1) reduced

plaque pathology and enhanced learning, cognitive and memory processes in a mouse model
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of Alzheimer’s disease (www.neuralstem.com). Additionally, retrovirally-transduced cytosine
deaminase-expressing NSCs in combination with leucovorin are currently being tested in
human clinical trials for treatment of recurrent high grade gliomas (www.clinicaltrials.gov,
Clinical trial ID NCTO0117296) having successfully passed a pilot feasibility study. It should
be noted here that current genetic engineering approaches for NSCs almost exclusively rely on
viral methods due to the high transduction efficiencies achieved (up to ca 97%) [17].
However, viral gene delivery has significant drawbacks restricting clinical use including

immunogenicity, toxicity and technical challenges for large scale production [18-20].

A major non-viral alternative for neural gene transfer that has emerged relatively recently is
‘magnetofection’ wherein transfection-grade iron oxide magnetic nanoparticles (MNPs) are
deployed with magnetic fields (static/oscillating) to assist gene delivery. We recently reported
technically simple, rapid and safe magnetofection protocols for genetic modification of major
neural transplant types including NSCs, with oscillating magnetic fields always outperforming
static fields [21-25]. MNPs have emerged strongly as a class of advanced functional materials
for neuro-regeneration, serving as ‘multifunctional tools’ for cell therapy given additional
applications for non-invasive cell imaging and magnetic cell targeting, so it is clear that this
non-viral gene transfer method offers significant benefits for clinical translation [26]. Despite
the critical advantages offered by this technique, we and others have reported that DNA
plasmid size bears an inverse relationship with transfection efficiency for non-viral methods
such as liposome- and nanoparticle- mediated transfection [23,27-29]. For example, using
lipofection, a systematic analysis of luciferase expression levels (using reporter constructs of
increasing size; 4.8 kb to 10.5 kb) showed reduced transfection with greater plasmid size [29].
This finding was consistent across various promoters (SV40 and y-globin gene promoter) and
cell lines (Jurkat and 293T) tested [29]. The reasons for this differential effect are largely

unknown, but the gross structure of plasmid/lipid complexes was ruled out as similar



physicochemical properties (lipoplex structure and size) were observed irrespective of
plasmid size (0.9 kb to 52.5 kb) [29]. Similarly, we reported an inverse relationship between
transfection efficiency and plasmid size when using reporter plasmids (3.6 kb, transfection
efficiency, ca. 32.2%) versus therapeutic constructs encoding basic fibroblast growth factor
(7.4 kb, transfection efficiency: 13.5%) [23]. As therapeutic DNA constructs inevitably
increase DNA size using conventional plasmids, this reduction in transfection efficiency and
the functionality of nanoparticle vectors, is a critical translational barrier for ex vivo neural

gene therapy.

Offering a potential solution, minicircles (mCs) are emerging as highly promising DNA
vectors for therapeutic gene delivery. These are small circular vectors devoid of bacterial
backbone sequences e.g. antibiotic resistance genes, origin of replication and other
inflammatory sequences, intrinsic to bacterial DNA. These minimal expression cassettes are
derived from ‘parental’ plasmid (pp) DNA, through site-specific recombination (induced via
L-arabinose operon system). Their use results in sustained transgene expression due to lower
activation of nuclear transgene silencing mechanisms, and reduced immunogenic responses
[30]; the latter resulting in higher safety. The clinical potential of mCs has been exploited for
non-viral DNA reprogramming to generate human induced pluripotent stem cells [31]. An
analysis of mC DNA transfection in a murine stem cell line CGR8-NS using microporation
reported up to 60% transfection with high cell survival (~90%) [32]. However, such cell lines
have high survival rates given their resistance to nanotoxicity, and behave in a relatively
uniform clonal manner. It is therefore critical to evaluate the efficacy of DNA mC technology
in primary NSC, as these heterogeneous but hard-to-transfect cell populations are more akin
to NSCs in vivo, and consequently of higher biomedical relevance. Furthermore, it should also
be noted that mC use in conjunction with magnetofection has never been tested in any cell

type of primary origin. Accordingly, our goal here is to provide the first ‘proof-of-concept’



that mC DNA vector functionalized MNPs can be used with oscillating magnetofection

technology for efficacious genetic engineering of primary NSCs.

2. Materials and Methods

2.1. Reagents / equipment

Cell culture reagents were from Life technologies (Paisley, Scotland, UK) and Sigma (Polle,
Dorset, UK). Human recombinant basic fibroblast growth factor (bFGF) was from Sigma
(Poole, Dorset, UK) and human recombinant epidermal growth factor (EGF) from R&D
Systems Europe Ltd. (Abingdon, UK). Thermo Scientific Nunc culture dishes (non-treated
surface) and tissue culture-grade plastics were from Fisher Scientific UK (Loughborough,
UK). NeuroMag magnetic particles were from OZ Biosciences, Marseille, France. The
magnefect-nano 24-magnet array system was purchased from nanoTherics Ltd. (Stoke-on-
Trent, UK) and comprises horizontal arrays of NdFeB magnets (grade N42) onto which 24-
well cell culture plates can be placed. Reagents used for the mC DNA vector technology were
from System Biosciences (SBI; Mountain View, CA, USA). All electrophoresis reagents were
from Life Technologies (Paisley, Scotland,UK). Primary antibodies were directed to: the NSC
markers, nestin (clone 25, BD Biosciences, Oxford, UK) and SOX2 (Millipore, Watford,
UK); neuronal marker, class III B-tubulin (clone TUJ1, Covance, Princeton, NJ, USA); the
oligodendrocyte marker, myelin basic protein (MBP; clone 12, AbD Serotec, Kidlington,
UK); the astrocytic marker glial fibrillary acidic protein (GFAP; DakoCytomation, Ely, UK),
proliferation marker Ki-67 (Abcam, Cambridge, UK) and GFP (ThermoFisher Scientific,
Rockford, IL,USA). Cy-3 and FITC conjugated secondary antibodies were from Jackson
Immunoresearch Laboratories Ltd (Westgrove, PA, USA). Vectashield mounting medium
with 4’,6-diamidino-2-phenylindole (DAPI, nuclear marker) was from Vector Laboratories

(Peterborough, UK).



2.2. NSC culture

The care and use of all animals used in the production of cell cultures were in accordance with

the Animals Scientific Procedures Act of 1986 (UK).

NSCs were maintained and expanded under growth factor stimulation as free floating cellular
aggregates according to the well characterised ‘neurosphere’ culture method. Briefly, the
subventricular zone of neonatal CD1 mice were dissected, dissociated and NSCs were
cultured in neurosphere medium (NS-M) comprising a 3:1 mix of DMEM:F12 containing 2%
B-27 supplement, 50 U/ml penicillin, 50 mg/ml streptomycin, 4 ng/ml heparin, 20 ng/ml
bFGF and 20 ng/ml EGF. Neurospheres were fed every 2-3 days and passaged every 6-7 days

using an Accutase-DNasel mix (up to passage 2).

2.3. Monolayer cultures

To prepare two-dimensional adherent NSC monolayers, neurospheres (passages 0 — 2) were
dissociated enzymatically with accutase-DNase I, triturated several times before resuspension
at 1.5 x 10° cells/ml monolayer culture medium (ML-M; comprising of a 1:1 mix of
DMEM:F12 containing 1% N2 supplement, 50 U/ml penicillin, 50 pg/ml streptomycin, 4
ng/ml heparin, 20 ng/ml FGF2 and 20 ng/ml EGF). The cells were seeded on
polyornithine/laminin-coated, nitric acid-washed glass coverslips in 24-well plates (0.6 ml

suspension/well) and cultured at 37 °C in 95% air:5% CO..
2.4. NSC differentiation

In order to induce NSC differentiation into the three daughter cell types (neurons, astrocytes,
oligodendrocytes), ML-M was replaced with differentiation medium (DF-M) consisting of
NS-M (without growth factors) and supplemented with 1% fetal bovine serum. Medium was

replaced every 2-3 days.



2.5. Minicircle production

A mC system was employed to address the influence of plasmid size and copy number on the
efficacy of MNP-mediated gene transfection. This system comprises a parental plasmid
pMC.CMV-GFP-SV40PolyA (herein termed pp-GFP; size 5562 bp) from which recombinant
mCs (mC-GFP; size 1552 bp) lacking extraneous bacterial backbone sequences were prepared
using a specifically engineered E. coli strain (ZYCY10P3S2T) which was induced to express
¢C31 integrase and Scel endonuclease upon addition of arabinose (0.01% final
concentration), as per the manufacturer’s instructions and previously described protocols [33].
The integrase splits the full size pp-GFP to (i) the backbone sequence containing Scel sites for
targeted endonuclease degradation and (ii) mC DNA containing only the expression cassette
which was purified. Thus it is possible to obtain DNA preparations which differ markedly in
size but contain identical elements for mammalian gene expression, including the reporter

gene per se.

Following mC purification using a Qiagen Endofree Maxiprep Kit, restriction enzyme digests
of both pp-GFP and mC-GFP were run on an agarose gel in order to demonstrate the absence
of pp-GFP contamination in mC-GFP plasmid stocks. In the presence of pp-GFP
contamination, mC-GFP was digested with mC-safe DNase according to the manufacturer’s

instructions.

2.6. MNP characterization, magnetofection and multifection

The Neuromag particles used here for transfection have been extensively characterized
previously [34,35]. The formulation of fluorescent Neuromag particles is proprietary and
patented by the company Oz Biosciences. The particle size range reported by the company is
140-200 nm, average 160 nm with homogeneity in particle size (polydispersity index 0.027),

and the particles carrying a positive charge (zeta potential +40.3 mV) in distilled water.
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Dynamic light scattering (DLS) was used to determine the average hydrodynamic diameter
and {-potential of the MNPs and MNP-DNA complexes which were suspended in
DMEM:F12 base medium within which the transfection complexes were formed prior to
addition to cells. This was carried out using a Zetasizer Nano ZS (Malvern Instruments

Ltd,UK).

In order to achieve the highest possible transfection level, a range of plasmid copy numbers
were assessed. At 24 h post-plating, medium was replaced with fresh ML-M (0.225 ml)
before addition of transfection complexes. To prepare the particle-DNA complexes, varying
amounts of DNA vectors (see below) were diluted with 75 pl DMEM:F12 (1:1) base medium,
added to 0.62 pl Neuromag and mixed and incubated for 20 min at room temperature (RT).
DNA input was varied to obtain six different copy numbers of each DNA vector (pp-GFP and
mC-GFP) per well: 1.2 x 10", 2.3x 10%, 4.2 x 10'°, 1.5 x 10", 3 x 10™* and 6 x 10™. The mix
was added drop-wise to cells whilst gently swirling the plate. Plates were returned to the
incubator, and exposed to a magnetic field using the magnefect-nano oscillating magnetic
array system, with a 24-magnet array (NdFeB, grade N42; field strength of 421 + 20 mT) with
an oscillating frequency of 4Hz (amplitude = 0.2 mm). The array moves laterally with
oscillation frequency and amplitude controlled via a computerised motor. For single
transfection, complexes were left for 48 h until fixation. For double transfection, the exact
same protocol was followed, with a 24 h time window between the first and second
transfection. The following procedures were carried out 48 h after the first transfection: (i)
Cells were fixed in PFA for immunocytochemistry (to assess for transfection efficiency,
proliferative capacity and stemness); (ii) The media was switched to DF-M and the cells were
allowed to differentiate for three days, one week or four weeks (to assess for long term GFP
expression, differentiation capacity and quantify transfected differentiated progeny) before

PFA fixation. For long-term cultures, media was replaced every two days. (iii) Live cells were



stained for 15 minutes with propidium iodide (PI, prepared in fresh medium at a final
concentration 5uM) prior to fixation (for cell death quantification). (iv) DAPI-stained fixed
samples were used to corroborate cell pyknosis (counts of small, fragmented nuclei) and total

cell number.

2.7. Assessment of DNA vector binding to MNPs

The nanoparticle/DNA reaction was performed as above, in a smaller volume of 20l base
medium. Samples were centrifuged at 14,000 rpm for 5 minutes to remove particle and
particle/DNA complexes. The absorbance of the supernatant which contained the
free/lunbound DNA was measured at 260nm against a DMEM blank. Absorbance was also
measured for the particle-free (with equivalent DNA copy number) sample in order to obtain
accurate input DNA measurements. The amount of DNA bound to MNPs was calculated as:

% MP - bound DNA = 100 — [(total ‘free’ DNA in supernatant/ total input DNA) x 100].

2.8. Immunocytochemistry

NSC monolayers and differentiated NSCs were fixed in 4% paraformaldehyde (PFA) for 15
min at RT, followed by three washes in PBS. Non-specific binding was blocked using 5%
normal donkey serum in PBS-0.3% Triton-X-100 for 30 min at RT, followed by overnight
primary antibody incubation at 4°C. The following antibodies in blocking solution were
added at the indicated dilutions: Sox2, 1:1000 and Nestin, 1:200; GFAP, 1:500; Tuj1, 1:1000;
MBP, 1:200; Ki-67, 1:500 and GFP, 1:1000. The use of the GFP antibody enhanced the
detection of GFP in these cells. This is because copGFP (the reporter protein expressed from
the parental plasmid and mC vectors), is a natural GFP found in the copepod Pontellina
plumata whose fluorescence intensity is less than the widely used mutated versions such as
TurboGFP and maxGFP. The advantages of using this form of GFP however, is that it is non-

toxic and non-aggregating which is important for assessment of GFP expression in long term
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cultures, which is carried out in this study. Therefore all samples were co-stained with this
antibody. The following day, after several washes in PBS, samples were blocked as above and
incubated with either FITC-or Cy3-labelled secondary antibody (1:200) in blocking solution
at RT for 2 h. Samples were washed thrice in PBS before mounting with Vectashield

mounting medium containing DAPI.

2.9. Microscopic analysis

An AxioScope Al microscope equipped with an Axio Cam ICcl digital camera and
AxioVision software (version 4.7.1, Carl Ziess Microlmaging GmbH, Goettingen, Germany)
was used for fluorescence imaging and obtaining photomicrographs. For all quantitative
analyses, a minimum of 2000 cells were counted across 3-4 random fields using Image J
software. Cells were identified by fluorescence microscopy using cell-specific immunological
markers co-localised with their nuclei using DAPI. Percentage transfection efficiency was
determined by: the number of cells expressing GFP/ total number of DAPI™ cells. The
fluorescence intensity was determined by calculating corrected total cell fluorescence (CTCF)
using the formula: CTCF = Integrated density—(Area of selected cell x Mean fluorescence of
background readings) using the ImageJ 1.47 Software (NIH). Quantification measurements
performed in the same quadrant of randomly selected fields to avoid cell selection bias; a

minimum of 90 cells were counted for each condition.

2.10. Statistical analyses

Treatment groups were analysed either by one-way analysis of variance and Bonferroni’s
multiple comparison test or an independent sample Student’s t-tests, using Prism software
(version 6.07; Graphpad, USA). Each error bar represents the standard error of the mean of a
minimum of three separate experiments. The number of experiments (n) refers to the number

of NSC cultures which are each generated from a different mouse litter.
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3. Results and Discussion

3.1. High purity derivation of cell cultures and mC DNA vector
The NSC cultures used in this study were of high purity as judged by staining NSC markers

Nestin, a cytoskeletal protein (purity: 96.1 = 2.0%, n = 3) and Sox2, a transcription factor
(purity: 96.7 = 0.8%, n = 3). The two DNA vectors employed in this study (for direct
comparative assessment of plasmid size on transfection efficiency) are shown in Fig. 1. The
parental plasmid expressing green fluorescent protein (termed pp-GFP, Fig. 1A) is a
conventional bacterial plasmid containing a kanamycin resistance gene, with GFP expression
driven by a cytomegalovirus (CMV) promoter. It also contains two recombinase target
sequences, which through a site-specific recombination event, is used to derive mC DNA
(mC-GFP, Fig. 1A) which contains only the expression cassette present in pp-GFP. As mC-
GFP is derived from pp-GFP, both vectors express the same variant of GFP. The parental
plasmid / mC system is ideal for testing plasmid size relationships as differences in vector
sequences and reporter gene variance can be ruled out as confounding variables. The bacterial
backbone is excised and degraded in the process (Bb, Fig. 1A). Plasmid digests of both pp-
GFP and mC-GFP with Notl (Fig. 1B) revealed the expected fragment sizes by gel
electrophoresis, and also demonstrated the absence of parental plasmid contamination in the

mC preparation.
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Fig.1. (4) Schematic showing DNA vector maps and their relative sizes (in kb) of parental
plasmid pp-GFP, the corresponding mC derivative, mC-GFP and the excised bacterial

backbone (Bb) following mC induction. (B) Agarose gel electrophoresis of Notl restriction
digests of pp-GFP and mC-GFP run alongside a 1 kb DNA marker displaying the expected

fragment band sizes of both DNA vectors.

3.2. Minicircle use with magnetofection dramatically enhances NSC gene transfer levels

Most non-viral studies employ DNA vectors expressing variants of GFP that provide
enhanced levels of brightness such as TurboGFP and TagGFP [23,36], whereas in this study,
pp-GFP and mC-GFP express a non-toxic, non-aggregating but less bright ‘copGFP’. The
advantage of expressing this natural form of the protein enables analyses of GFP expression
over a long period with less protein crystallization and aggregation resulting in lower toxicity
in cells. However, to increase detection levels an anti- GFP antibody was used; GFP

immunostaining significantly enhanced protein detection as depicted in Fig. 2A compared to
13



native GFP expression (inset), with protein expression observed throughout the cell body
using both plasmids. Hence all samples were analyzed following GFP immunostaining for

subsequent experiments.

In order to optimize protocols to achieve high transfection levels, a range of pp-GFP and mC-
GFP copy numbers per well were assessed; the oscillation frequency previously determined to
be optimal for NSC transfection (4Hz) was used for all experiments [23]. Transfection
efficiency was overall lower in cells transfected with pp-GFP compared to mC-GFP, with the
highest transfection efficiency observed when using a mC copy number of 6 x 10'".
Transfected cells for pp-GFP and mC-GFP at this copy number are shown in Fig. 2B and C
respectively. Standard transfection protocols report MNP:DNA ratios using DNA weight
which can conceal differences in the actual copy number of DNA vectors present. Therefore,
transfection results here are presented as a function of both plasmid copy number (Fig. 2D)
and the corresponding DNA weight (Fig. 2E). At the lowest plasmid copy number (1.2 x10*
per well), there was no difference in the number of transfected cells between pp-GFP and mC-
GFP with mean transfection efficiencies of <10% (Fig. 2D). The highest transfection
efficiency achieved with pp-GFP was 15.4% at a copy number of 3 x 10'" and a further
increase in copy number resulted in reduced transfection. For mC-GFP, a further increase in
copy number to 6 x 10" yielded a statistically significant and dramatically higher transfection
efficiency compared to pp-GFP (transfection efficiency range 42.1 — 45.4% versus 13.4 —
13.8%). Therefore, for subsequent experiments, this copy number was used for double
transfection (multifection) in order to yield maximal gene transfer. Double
transduction/transfection is routinely used for many viral as well as non-viral genetic
modification approaches such as lipid-mediated gene delivery and electroporation in order to
enhance transfection efficiency and to prolong gene expression [37-39]. We previously

showed that multifection of NSCs (cultured as 3-D neurospheres) resulted in higher
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transfection levels (~27%) compared to single transfection (~13%) with no effect on cell
physiology and health [22]. NSC monolayers multifected here with mC-GFP showed
significantly higher transfection (see Fig. 2F versus Fig. 2C) with a range of 50.7 — 54.4%
versus 15.1 —20.5% for pp-GFP (Fig. 2G). Transfection levels for mC-GFP multifection were
also significantly higher than when using single transfection (p < 0.001, student’s #-test, n=3).
To our knowledge, these are the highest non-viral DNA transfection levels reported to date for
the hard-to-transfect population of primary NSCs. Our data are in line with a previous
systematic study in which mC-magnetofection technology applied to HeLa cell lines showed

an inverse relationship of DNA size on transfection efficiency [40].

It could be argued that higher numbers of transfected cells can be achieved by selectively
enriching for these cells through antibiotic selection or flow cytometry/single-cell sorting.
However, both approaches are associated with high costs and additional manipulations of
cells can alter physiology and function [41,42]. Further, loss of non-transfected healthy cells
(through cell death or discarding associated with these methods) is undesirable given the
limited tissue availability and ethical concerns associated with human tissue and embryonic
stem cells and that generation and maintenance of primary NSCs is costly and laborious.
Therefore the optimal approach currently appears to be transplantation of a mixed population

of engineered and non-engineered cells.

Total cell fluorescence intensity measurements revealed significantly higher GFP expression
in NSCs transfected with mC-GFP compared to pp-GFP (Fig. 2H), suggesting that an
increased number of expression cassettes are present per transfected cell for mC-GFP
engineered cells; fluorescence intensity per cell was more than doubled using mC-
multifection versus single transfection (Fig. 2H). A previous study in which cell sorting of
GFP- and luciferase- expressing mouse melanoma cells (B16F10) reported that the ‘high

expressing sub-population’ demonstrated two-fold higher luciferase expression and three
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times higher plasmids/nucleus in comparison to their ‘low expressing’ counterparts [38]. To
further explain this phenomenon, our observations in DNA binding experiments showed that,
at each copy number assessed, a higher number of mCs copies are bound to MNPs versus
parental plasmid (Fig. 21). Our results suggest that as each MNP can only complex a fixed
maximum mass of DNA and given their small size, mCs have different binding properties
(enabling efficient binding) compared to larger plasmids (which are approximately 3.5 times
larger in size than mCs). Therefore, it is feasible that increased loading of mCs per particle (~
3.5 times more mCs than parental plasmids) accounts for the higher gene transfer efficiency
observed in mC-engineered cells, which was approximately 3.5-fold higher than pp-
engineered NSCs. Additionally, differences in physical binding and subsequent cleavage of
DNA from the carrier MNP between pp DNA and mC DNA also cannot be ruled out. It
should be noted that a previous report where equal copy numbers of both DNA vectors were
microporated into cells also suggested higher mC number within nuclei versus the parental
counterpart (63.7% vs 18.3%) [32]. It has been reasoned that low molecular weight DNA has
a ‘higher survival rate’, making it more likely to enter the nucleus for two reasons: (1) higher
mobility, therefore it is less likely to be degraded by host nucleases due to lower time of
residence in the cytoplasm [43,44] and (ii) improved release of smaller DNA molecules from
nanoparticles allowing for quicker transportation to the nucleus [27]. Together these data
indicate that mC use can enhance the level of protein expression per cell, of high relevance to

release of therapeutic proteins to promote regeneration.

Furthermore, it is well known that the size and charge of MNP-DNA complexes during
magnetofection procedures can impact transfection outcomes. However, in our study the DLS
measurements showed only small differences in hydrodynamic diameter and surface charge

(Figure 2I) between pp-GFP and mC-GFP functionalised MNPs. These findings suggest that
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differences in the physicochemical properties of the particle-plasmid complexes are not likely

to be the primary explanation for the differences in transfection levels obtained.

Anti-GFH

D Single transfection mC-GFP E Single transfection

» 50 e »n 50

= 5 o y

S a0 " o 8 10 mC-GFP

3 3. F

o 30 g 30

(< (Y

@ 20 pp-GFP ‘@ 20

% = pp-GFP
=10 = 104

°\° o 1

0- T T 1 N 04
0 2.0x10""  4.0x10'""  6.0x10" 0 1000 2000 3000 4000

Plasmid DNA (copy number)

Plasmid DNA (ng) Anti-GFP

G Double transfection H @ —~
= S | Bound DNA (%)
@ *kk s So Pp-GFP mC-GFP
) o @ 250000
© o2 4.5x101 722£1.6 100
- o & 200000
2407 @0 3x10" 43.4£05 85.8£1.5
O = 8150000
1) 92 6x101" 241£1.6 43.3%4.2
= © O 100000
14 .
5 20+ 8= 00 MNP | MNP+ | MNP+
= 23 only |pp-GFP [mc-GFP
o 0 y
2 - pp-GFP mC-GFP pp-GFP mC-GFP ¢ potential (mV) 10.7 7.8 5.5
0 : ; 2 , q
Single Double bLs(Z-average) | 2092 | 1008.0 | 896.5
PP-GFP mC‘GFP = transfection transfection PDI 0.20 0.34 0.24
Fig. 2. Enhanced gene transfer of NSC monolayers with mCs compared to parental

plasmid. (4) Representative triple-merged image of GFP-stained NSC monolayers transfected
with mC-GFP showing enhanced GFP detection (equivalent DAPI/GFP double-merged
image shown in inset). Representative image of GFP immunostained NSC cultures at 48 h
post transfection with (B) pp-GFP and (C) mC-GFP at the same copy number (6 x 10" copies
per well); insets show the respective DAPI stained images indicating similar cell densities.
(D) Relationship between transfection efficiency and plasmid copy number. (E) Relationship
between transfection efficiency and plasmid weight. (F) Representative image showing NSC
multifection using mC-GFP at 6 x 10" copies per well, inset showing cell density comparable

to that used for single transfections shown above. (G) Bar chart showing quantitative analysis

17



of transfection efficiency following multifection with pp-GFP and mC-GFP. (H) Corrected
total cell fluorescence measurements for single and double transfected NSCs at 6 x 10"
copies per well of pp-GFP and mC-GFP. A.u. denotes arbitory units. *p < 0.05, **p < 0.01,
**%p < 0.001, versus pp-GFP (student’s t-test), n=4 cultures for all graphs. (I) Upper panel
showing quantitative analysis of DNA bound to equivalent number of MNPs, three identical
copy numbers of pp-GFP and mC-GFP were tested. Mean + SEM from three different
experiments are shown. Lower panel displaying hydrodynamic diameter (Z-average) and
surface charge ((-potential) of naked MNPs and particles functionalized with pp-GFP and

mC-GFP. DLS denotes dynamic light scattering.

3.3. High protocol safety with combined use of minicircle vectors and magnetofection

The effect of multifection on cell health and cell physiology was assessed to evaluate the
safety of our protocols. The majority of transfected cells at 48 hours post-transfection,
showed normal bipolar morphologies with round healthy nuclei and normal adherence
indicating high viability. Multifected NSCs (both pp-GFP and mC-GFP retained their normal
morphologies and stem cell marker expression for both Nestin and Sox2 (Fig. 3A and inset).
Quantitative analyses revealed comparable numbers of Nestin and Sox2 positive cells for pp-
GFP, mC-GFP and non-transfected conditions (Fig. 3B and C respectively). Assessment of
proliferative capacity, at 48 hours post-transfection, using Ki-67, an endogenous nuclear
marker for cell division (Fig. 3D) revealed no differences between the three groups (Fig. 3E);
GFP positive cells showed proliferative ability (inset) with similar proportions of dividing
cells as non-transfected cells (63.7 &+ 3.6% and 66.7 + 3.1% respectively). Similarly,
negligible differences were observed in cell viability based on cell number (Fig. 3F).
Pyknosis/cell death was assessed morphologically by quantifying propidium iodide (PI, a
fluorescent intercalating DNA stain that is non-permeant to live cells) positive nuclei (Fig.

3G, arrows and 3H) as well as nuclear shrinkage and fragmentation (Fig. 3G inset and 3I) and
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showed no differences between conditions. Although, multifection has previously been used
for NSC neurospheres, demonstrating high viability and cell survival [23], these data are the
first demonstration of the safety and efficacy of mC transfection in primary NSCs. The high
safety of the methods highlights the translational potential of the methodology for clinical cell

therapies.
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Fig. 3. Safety assessment of multifected NSCs. Representative merged images of NSCs
multifected with mC-GFP showing stem cell marker expression of (A) Nestin and (A — inset)
Sox2. Bar charts showing quantification of (B) Nestin® and (C) Sox2" cells. (D) Merged
image of mC-GFP multifected NSCs with Ki-67, a marker for proliferation, inset showing
transfected cells also expressing Ki-67 (arrowheads). Bar chart showing no significant
differences in (E) proliferation and (F) average cell number per field between the transfected

and non-transfected groups. (G) Merged images of propidium iodide (Pl) stained cells

19



(arrows) and cell pyknosis (inset, arrowheads). (H) Bar charts displaying PI" and (1)

pyknotic nuclei counts.

3.4. Minicircle use skews profile of transfected progeny of NSCs towards hard-to-
transfect neurons and oligodendrocytes

Genetically engineered NSCs were allowed to differentiate into their three daughter cell types
in order to determine whether the protocols can alter the fate or proportion of the daughter cell
populations. This is an important parameter to consider for clinical translation as NSC
multipotency (ability to generate the three major cell types of the nervous system) is a key
element of their therapeutic capacity. Post-differentiation, overall transfection was lower in
the progeny of NSCs transfected with pp-GFP versus mC-GFP (Fig. 4A, B and H).
Microscopic assessment revealed normal cellular and nuclear morphologies of the daughter
populations (Fig. 4C, D, E). The protocols did not alter the relative proportions of each
daughter cell type generated demonstrating that following multifection NSCs retained their
potential to differentiate. Astrocytes were the main transfected daughter cells for both pp-GFP
and mC-GFP, however a higher number of transfected neurons was obtained using mC-GFP.
It is noteworthy that using mCs, we have obtained transfected daughter oligodendrocytes for
the first time (Fig. 4H); a phenomenon we have never observed using conventional plasmids.
Although the numbers of transfected neurons/oligodendrocytes were small, it does appear that
use of larger plasmids restricts the profile of transfected progeny towards a single cell type.
This restriction appears to be reduced with mC use, or at least increases chances of obtaining
in genetically engineered ‘hard-to-transfect’ cells, which would offer a significant advantage
when using mC DNA vectors compared to their larger plasmid counterpart. The reasons for
this altered profile are unclear and future work will need to focus on further enhancing the
numbers of specific transfected cell types. However, this observation has important

implications for cell replacement therapy as targeted cell engineering of daughter cells
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especially neurons and oligodendrocytes can significantly impact functional/regenerative
outcomes. For example, transfected neurons engineered to express BDNF show increased

axonal sprouting and dendrite number in organotypic rat hippocampal explants [45].
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Fig. 4. Effect of differentiation on transfected NSCs. NSCs multifected with (A) pp-GFP and
(B) mC-GFP post-differentiation. Representative triple merged images of multifected NSCs
three days post-differentiation showing (C and D) GFAP*/GFP™ Type | and Type Il astrocytes
respectively, (E and inset) MBP"/GFP™ oligodendrocytes and (F and inset) Tuj1*/GFP*
neuron. (G) Bar graph comparing proportions of the daughter cell types of multifected and
non-transfected NSCs following differentiation. One way analysis of variance with
Bonferonni’s post-tests, n = 3. (H) Quantitative analysis showing overall transfection profile
and skewed transfection towards neurons and oligodendrocytes using mC-GFP. ?p < 0.05,"

p < 0.005 vs pp-GFP (student’s t-test, n = 3).

3.5. Minicircle engineering of NSCs results in sustained gene expression

Microscopic observations revealed no obvious differences in cell morphology and adherence
between vector-treated cells and untreated controls over time. Cell viability at four weeks, as
judged by proportions of pyknotic nuclei showed no differences between groups (3.9 = 0.4%
for untransfected cells, 4.1+0.4% for pp-GFP and 4.0+ 0.3% for mC-GFP). Our data

demonstrate the long term protocol safety of the multifection approach.

In our study, gene expression was assessed in differentiated NSCs, as differentiation is the
natural fate of NSCs post-transplantation therefore we consider the analysis to be of greater
relevance for engineered cell therapy, than studying long term expression in NSCs [43,44].
Fluorescence measurements were made in astrocytes as this was the predominant transfected
population at all time points. mC-GFP engineered cells displayed a higher numbers of
transfected cells versus pp-GFP, for up to four weeks (Fig. 5A-E). Cell fluorescence intensity
indicative of protein expression level (Fig. 5F) also showed significantly greater protein

expression in mC-GFP transfected cells. Our finding that mC-engineered cells contain higher
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GFP expression cassettes than pp-engineered cells likely explains the higher and sustained
levels of protein expression seen in the mC engineered NSC population. Additionally it is
possible that these cells have an intrinsic capacity to maintain exogenous DNA for longer

periods, or alternatively, generate a greater proportion of stable transfectants.

In our recent study using a conventional pmax-GFP plasmid (3.6 kb), transfection efficiency
in magnetofected NSCs was assessed up to 2 weeks reporting ‘low’ transfection (<10% cells)
[23]. mC transfection with microporation in parent NSCs in a separate study showed
transfection efficiency of ca. 20% at 10 days post-transfection, but longer time points were
not studied [32]. It is possible that the prolonged gene expression with mC DNA versus
conventional plasmids is due to the lack of transcriptional silencing associated with the
presence of unmethylated CpG islands [30,46]. The removal of these individual sequences
using conventional molecular biology cloning techniques is laborious and expensive; in
comparison the mC DNA technology enables a facile, cheaper approach for eliminating
bacterial sequences, involving fewer and less time consuming procedures. It must be noted
that the viral promoter used to drive the transgene expression (CMV) has been demonstrated
in some studies to be a relatively weak promoter and likely to be silenced in undifferentiated
mammalian stem cells [47,48]. This highlights the importance of using other effective
promoters such as elongation factor 1 alpha (EF1a) in order to achieve higher and prolonged
expression in vivo, an approach that we have employed in Part Il of this study, submitted [49].
Neurorestoration requires long-term therapeutic intervention [50-52] so from a clinical
perspective, achieving sustained gene/protein expression can significantly reduce costs and
time by reducing the need for repeat administration of therapeutic proteins/cells. Notably, a
sustained yet tapered profile of therapeutic biomolecule expression may be beneficial as it
mirrors the temporal pattern of molecular expression profiles that are associated with

regenerative processes in pathology sites [22]. Indeed, it has been suggested that
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overexpression of therapeutic biomolecules for inappropriate periods can have detrimental

effects on regenerative processes [53].
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transfection efficiency and (F) extent of cell fluorescence in pp-GFP and mC-GFP at both

time points (students t-test, n = 3). a.u. denotes arbitory units.

3.6. MC DNA vector technology offers key benefits for clinical translation

Based on our findings, we consider that mC vector DNA technology can offer a new solution
to a key translational challenge confronting therapeutic gene transfer, with significant
implications for safe and effective genetic engineering of neural transplant cells. Our reported
level of gene transfer is likely to be sufficient for achieving therapeutic outcomes. For
example, a previous study reported that transplantation of vascular endothelial growth factor
(VEGF) secreting NSCs (20-30% transfection) promoted angiogenesis following

transplantation in the rodent brain [54].

Due to their small size, mCs can enable the incorporation of larger genes such as receptors, or
enzymes e.g. chondroitinase ABC, (insert size: 2kb, total mC size 4kb) without compromising
transfection efficiency [55]. For transient gene expression in vivo, the coding sequence for the
fluorescent tag of the mC system (size ca. 756 bp) could be replaced with neurotherapeutic
growth factors sequences (whose open reading frames are typically <1.2 kb) without
appreciable increases in the overall mC size, representing a realistic solution for safe genetic
engineering of neural transplant populations with MNP vectors. While the aim of this study
was to provide proof-of-concept that mC vector use is compatible with nanoparticle delivery
systems, our functional study on the feasibility of this approach for therapeutic gene delivery
indicates that DNA sequences encoding a neurotherapeutic factor (BDNF) can be inserted
into mCs for growth factor release by engineered stem cells (see submitted manuscript, part
I1: Functional Delivery of a Neurotherapeutic Gene to Neural Stem Cells using Minicircle
DNA and Nanoparticles: Translational advantages for Regenerative Neurology). This shows
the high versatility of the system, which can be used for incorporation of a range of

therapeutic sequences.
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Of critical importance to clinical translation, is the absence of a bacterial backbone
(containing antibiotic resistance genes and an origin of replication) in mCs. Bacterial
backbone sequences have been associated with inflammatory responses in vivo due to the
presence of a high number of unmethylated CpG motifs- structures characteristic of
prokaryotic DNA sequences, which induce the innate immune response [46]. Guidance on the
use of medicinal products for gene transfer advise great care in the use of selection markers
used in such products due to their significant potential to impact human therapy. This is
especially pertinent to the presence of antibiotic resistance genes since these can restrict more
general treatment options [30,46,56,57]. Indeed, medical and clinical regulatory bodies advise
limiting the use of antibiotic resistance genes for therapy where feasible [58]. Further, less
mC DNA (<100 ng per well) is required to obtain similar transfection levels as the parental
plasmid (~250 ng per well i.e. for ca 0.9 X 10° cells), so for large scale production of vectors
encoding therapeutic genes, this could imply considerable cost and time benefits for cell

therapies.

Finally, upscaling of MNPs and mCs for clinical applications appears feasible as MNPs have
long been used clinically as contrast agents with several methods currently being employed
for large scale manufacture [46,59-61]. It should be noted that given their clinical utility, a
novel method involving affinity-based chromatography has been developed for obtaining
highly purified mC DNA for gene therapy and vaccination, enabling safe production at an
industrial scale [33,62,63]. Together, these factors highlight the critical advantages offered by
mC DNA vector technology in conjunction with magnetofection, for clinical translational
applications involving genetically engineered neural transplant cells (summarized in Fig. 6).

Moreover, mCs are likely to enhance the utility of a wide range of advanced funtional non-
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viral gene delivery materials, broadening the scope for safe and efficient genetic engineering

of several different cell types for therapeutic applications.

4. Conclusion
As far as we are aware, this is the first reported proof of the fusion of nanovector and mC

DNA technologies, for genetic engineering of any cell type of primary origin. We show for
the first time that such an approach is entirely feasible for the genetic modification of NSC
transplant populations, and that mCs can enhance the functional efficacy of transfection grade
nanoparticles. It has become increasingly clear in recent years that it is essential to employ
DNA vectors of the minimum size possible, to achieve maximal gene delivery when using
nanoparticle based systems to genetically engineer neural cells. We prove here that such DNA
size restrictions on nanoparticle based gene transfer can be overcome by deploying mC
vectors, whose small size compared with conventional plasmids enables enhanced
transfection outcomes to be achieved. Additionally, due to their unique structure, mCs offer a
host of advantages for clinical translation, such as reduced immune responses, sustained gene
expression and versatility for incorporation of a range of therapeutic sequences. Similarly,
MNPs have high translational potential as already demonstrated by their utility as clinical
contrast agents. Production of both mCs and MNP is feasible in terms of scale up for human
therapies. Further, the methods involved in the genetic modification protocols are simple,
cost-effective and reliable, highlighting the key utility of this genetic modification approach

for translational applications.
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Figure 6. Advantages of mC technology for cell based therapy. Schematic showing clinical

translational potential of mCs.

Acknowledgements
This research has been supported by the British Biotechnology and Biological Sciences

Research Council, grant reference BB/JO17590/1.

Abbreviations

NSCs, neural stem cells; CNS, Central Nervous system; GFP, Green Fluorescence Protein;
mC, minicircle; mC-GFP, minicircle-GFP; pp-GFP, parental plasmid-GFP; Bb, backbone;
MNP, magnetic nanoparticle; RT, room temperature; Pl, propidium iodide; CTCF, corrected
total cell fluorescence; PFA, paraformaldehyde; PBS, phosphate buffer saline; NS-M,
neurosphere medium; ML-M, monolayer medium; DF-M, differentiation medium, GFAP,
glial fibrillary acidic protein; MBP, myelin basic protein, Tuj1, class Il § tubulin; DAPI,

4’ 6-diamidino-2-phenylindole; CMV, cytomegalovirus

28



References

[1]

[2]
[3]

[4]

[5]

[6]

[7]
[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

S.U. Kim, H.J. Lee, Y.B. Kim, Neural stem cell-based treatment for neurodegenerative
diseases., Neuropathology : Official Journal of the Japanese Society of Neuropathology.
33 (2013) 491-504. doi:10.1111/neup.12020.

O. Einstein, T. Ben-Hur, The changing face of neural stem cell therapy in neurologic
diseases., Archives of Neurology. 65 (2008) 452-456. doi:10.1001/archneur.65.4.452.
L. Mazzini, M. Gelati, D.C. Profico, G. Sgaravizzi, M. Projetti Pensi, G. Muzi, et al.,
Human neural stem cell transplantation in ALS: initial results from a phase | trial.,
Journal of Translational Medicine. 13 (2015) 371. doi:10.1186/s12967-014-0371-2.
J.D. Glass, N.M. Boulis, K. Johe, S.B. Rutkove, T. Federici, M. Polak, et al., Lumbar
intraspinal injection of neural stem cells in patients with amyotrophic lateral sclerosis:
results of a phase | trial in 12 patients., Stem Cells (Dayton, Ohio). 30 (2012) 1144-51.
doi:10.1002/stem.1079.

E.L. Feldman, N.M. Boulis, J. Hur, K. Johe, S.B. Rutkove, T. Federici, et al.,
Intraspinal neural stem cell transplantation in amyotrophic lateral sclerosis: phase 1
trial outcomes., Annals of Neurology. 75 (2014) 363-73. doi:10.1002/ana.24113.

J.C. Shin, K.N. Kim, J. Yoo, I.-S. Kim, S. Yun, H. Lee, et al., Clinical Trial of Human
Fetal Brain-Derived Neural Stem/Progenitor Cell Transplantation in Patients with
Traumatic Cervical Spinal Cord Injury, 2015 (2015). doi:10.1155/2015/630932.

A. Trounson, R.G. Thakar, G. Lomax, D. Gibbons, Clinical trials for stem cell
therapies., BMC Medicine. 9 (2011) 52. d0i:10.1186/1741-7015-9-52.
A. Aleynik, K.M. Gernavage, Y.S. Mourad, L.S. Sherman, K. Liu, Y. a Gubenko, et al.,
Stem cell delivery of therapies for brain disorders., Clinical and Translational Medicine.
3 (2014) 24. doi:10.1186/2001-1326-3-24.

F.-J. Mdller, E.Y. Snyder, J.F. Loring, Gene therapy: can neural stem cells deliver?,
Nature Reviews. Neuroscience. 7 (2006) 75-84. doi:10.1038/nrn1829.

M. Ader, M. Schachner, U. Bartsch, Integration and differentiation of neural stem cells
after transplantation into the dysmyelinated central nervous system of adult mice,
European Journal of Neuroscience. 20 (2004) 1205-1210. 1S1:000224041300007.

D. Stephenson, D. Perry, C. Bens, L.J. Bain, D. Berry, M. Krams, et al., Charting a
path toward combination therapy for Alzheimer’s disease., Expert Review of
Neurotherapeutics. 15 (2015) 107-13. doi:10.1586/14737175.2015.995168.

T. Setoguchi, K. Nakashima, T. Takizawa, M. Yanagisawa, W. Ochiai, M. Okabe, et
al., Treatment of spinal cord injury by transplantation of fetal neural precursor cells
engineered to express BMP inhibitor., Experimental Neurology. 189 (2004) 33-44.
doi:10.1016/j.expneurol.2003.12.007.

H.J. Lee, M.K. Kim, H.J. Kim, S.U. Kim, Human neural stem cells genetically
modified to overexpress Aktl provide neuroprotection and functional improvement in
mouse stroke model., PloS One. 4 (2009) €5586. doi:10.1371/journal.pone.0005586.
H.J. Lee, 1.J. Lim, M.C. Lee, S.U. Kim, Human neural stem cells genetically modified
to overexpress brain-derived neurotrophic factor promote functional recovery and
neuroprotection in a mouse stroke model., Journal of Neuroscience Research. 88
(2010) 3282-94. d0i:10.1002/jnr.22474.

M. Blurton-Jones, B. Spencer, S. Michael, N. a Castello, A. a Agazaryan, J.L. Davis, et
al., Neural stem cells genetically-modified to express neprilysin reduce pathology in
Alzheimer transgenic models., Stem Cell Research & Therapy. 5 (2014) 46.
doi:10.1186/scrt440.

M. Neri, A. Ricca, I. Di Girolamo, B. Alcala&apos;-Franco, C. Cavazzin, A. Orlacchio,
et al., Neural stem cell gene therapy ameliorates pathology and function in a mouse
model of globoid cell leukodystrophy, Stem Cells. 29 (2011) 1559-1571.

29



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

doi:10.1002/stem.701.

S.M. Hughes, F. Moussavi-Harami, S.L. Sauter, B.L. Davidson, Viral-mediated gene
transfer to mouse primary neural progenitor cells., Molecular Therapy : The Journal of
the American Society of Gene Therapy. 5 (2002) 16-24. doi:10.1006/mthe.2001.0512.
M.A. Witlox, M.L. Lamfers, P.I1.J.M. Wuisman, D.T. Curiel, G.P. Siegal, Evolving
gene therapy approaches for osteosarcoma using viral vectors: Review, Bone. 40
(2007) 797-812. d0i:10.1016/j.bone.2006.10.017.

M. Elsabahy, A. Nazarali, M. Foldvari, Non-viral nucleic acid delivery: key challenges
and future directions., Current Drug Delivery. 8 (2011) 235-244.

M.A. Mintzer, E.E. Simanek, Nonviral vectors for gene delivery, Chemical Reviews.
109 (2009) 259-302.

M.R. Pickard, D.M. Chari, Robust uptake of magnetic nanoparticles (MNPs) by central
nervous system (CNS) microglia: Implications for particle uptake in mixed neural cell
populations., International Journal of Molecular Sciences. 11 (2010) 967-81.
d0i:10.3390/ijms11030967.

M.R. Pickard, P. Barraud, D.M. Chari, The transfection of multipotent neural
precursor/stem cell transplant populations with magnetic nanoparticles., Biomaterials.
32 (2011) 2274-84. doi:10.1016/j.biomaterials.2010.12.007.

M. Pickard, C. Adams, P. Barraud, D. Chari, Using Magnetic Nanoparticles for Gene
Transfer to Neural Stem Cells: Stem Cell Propagation Method Influences Outcomes,
Journal of Functional Biomaterials. 6 (2015) 259-276. doi:10.3390/jfh6020259.

C.F. Adams, M.R. Pickard, D.M. Chari, Magnetic nanoparticle mediated transfection
of neural stem cell suspension cultures is enhanced by applied oscillating magnetic
fields., Nanomedicine : Nanotechnology, Biology, and Medicine. 9 (2013) 737-41.
doi:10.1016/j.nan0.2013.05.014.

S.1. Jenkins, M.R. Pickard, D.N. Furness, H.H. Yiu, D.M. Chari, Differences in
magnetic particle uptake by CNS neuroglial subclasses: implications for neural tissue
engineering., Nanomedicine (London, England). (2012) Epub ahead of print.
doi:10.2217/nnm.12.145.

H. Yiu, M. Pickard, C. Olariu, Fe304-PEI-RITC magnetic nanoparticles with imaging
and gene transfer capability: development of a tool for neural cell transplantation
therapies, Pharmaceutical Research (2012). doi:10.1007/s11095-011-0632-1.

X. Xu, R.M. Capito, M. Spector, Plasmid size influences chitosan nanoparticle
mediated gene transfer to chondrocytes., Journal of Biomedical Materials Research.
Part A. 84 (2008) 1038-48. d0i:10.1002/jbm.a.31479.

W. Yin, P. Xiang, Q. Li, Investigations of the effect of DNA size in transient
transfection assay using dual luciferase system, Analytical Biochemistry. 346 (2005)
289-294. d0i:10.1016/j.ab.2005.08.029.

P. Kreiss, B. Cameron, R. Rangara, P. Mailhe, O. Aguerre-Charriol, M. Airiau, et al.,
Plasmid DNA size does not affect the physicochemical properties of lipoplexes but
modulates gene transfer efficiency, Nucleic Acids Res. 27 (1999) 3792-3798.
doi:gkc575 [pii].

L.E. Gracey Maniar, J.M. Maniar, Z.-Y. Chen, J. Lu, A.Z. Fire, M. A. Kay, Minicircle
DNA vectors achieve sustained expression reflected by active chromatin and
transcriptional level., Molecular Therapy : The Journal of the American Society of
Gene Therapy. 21 (2013) 131-8. d0i:10.1038/mt.2012.244.

K.H. Narsinh, F. Jia, R.C. Robbins, M.A. Kay, M.T. Longaker, J.C. Wu, Generation of
adult human induced pluripotent stem cells using nonviral minicircle DNA vectors.,
Nature Protocols. 6 (2011) 78-88. doi:10.1038/nprot.2010.173.

C. Madeira, C. a V Rodrigues, M.S.C. Reis, F.F.C.G. Ferreira, R.E.S.M. Correia, M.M.
Diogo, et al., Nonviral gene delivery to neural stem cells with minicircles by

30



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

microporation., Biomacromolecules. 14 (2013) 1379-87. d0i:10.1021/bm400015b.

M. A. Kay, C.-Y. He, Z.-Y. Chen, A robust system for production of minicircle DNA
vectors., Nature Biotechnology. 28 (2010) 1287-9. doi:10.1038/nbt.1708.

M. Pickard, D. Chari, Enhancement of magnetic nanoparticle-mediated gene transfer to
astrocytes by “magnetofection”: effects of static and oscillating fields., Nanomedicine
(Lond). 5 (2010) 217-32. d0i:10.2217/nnm.09.109.

A.R. Fernandes, D.M. Chari, Integrative Biology nanoparticle uptake in cells of the
central nervous system, (2014). doi:10.1039/c4ib00085d.

C. Sapet, N. Laurent, A. de Chevigny, L. Le Gourrierec, E. Bertosio, O. Zelphati, et al.,
High transfection efficiency of neural stem cells with magnetofection., BioTechniques.
50 (2011) 187-9. doi:10.2144/000113628.

C. Bencsics, S.R. Wachtel, S. Milstien, K. Hatakeyama, J.B. Becker, U.J. Kang,
Double transduction with GTP cyclohydrolase | and tyrosine hydroxylase is necessary
for spontaneous synthesis of L-DOPA by primary fibroblasts., The Journal of
Neuroscience : The Official Journal of the Society for Neuroscience. 16 (1996) 4449—
56. http://www.ncbi.nlm.nih.gov/pubmed/8699255.

M. Yamamoto, S. Okumura, C. Schwencke, J. Sadoshima, Y. Ishikawa, High
efficiency gene transfer by multiple transfection protocol, Histochemical Journal. 31
(1999) 241-243. doi:10.1023/A:1003598614323.

S. McLenachan, D. Zhang, A.B.A. Palomo, M.J. Edel, F.K. Chen, mRNA transfection
of mouse and human neural stem cell cultures., PloS One. 8 (2013) e83596.
doi:10.1371/journal.pone.0083596.

F. Sicard, C. Sapet, N. Laurent, E. Bertosio, M. Bertuzzi, O. Zelphati, Magnetofection
of Minicircle DNA Vectors, Minicircle and Miniplasmid DNA Vectors: The Future of
Nonviral and Viral Gene Transfer. (2013) 165-176. doi:10.1002/9783527670420.ch9.
H.M. Davey, D.B. Kell, Flow cytometry and cell sorting of heterogeneous microbial
populations: the importance of single-cell analyses., Microbiological Reviews. 60
(1996) 641-696.

R.R. Jahan-Tigh, C. Ryan, G. Obermoser, K. Schwarzenberger, Flow Cytometry,
Journal of Investigative Dermatology. 132 (2012) el. doi:10.1038/jid.2012.282.

D.L. Salazar, N. Uchida, F.P.T. Hamers, B.J. Cummings, A.J. Anderson, Human neural
stem cells differentiate and promote locomotor recovery in an early chronic spinal cord
injury NOD-scid mouse model., PloS One. 5 (2010) e12272.
doi:10.1371/journal.pone.0012272.

J.W. McDonald, X.Z. Liu, Y. Qu, S. Liu, S.K. Mickey, D. Turetsky, et al.,
Transplanted embryonic stem cells survive, differentiate and promote recovery in
injured rat spinal cord., Nature Medicine. 5 (1999) 1410-1412. doi:10.1038/70986.
S.C. Danzer, K.R.C. Crooks, D.C. Lo, J.O. McNamara, Increased Expression of Brain-
Derived Neurotrophic Factor Induces Formation of Basal Dendrites and Axonal
Branching in Dentate Granule Cells in Hippocampal Explant Cultures, The Journal of
Neuroscience. 22 (2002) 9754-9763. doi:22/22/9754 [pii].

P. Mayrhofer, M. Schleef, W. Jechlinger, Use of minicircle plasmids for gene therapy,
Methods in Molecular Biology. 542 (2009) 87-104. doi:10.1007/978-1-59745-561-9 4.
S. Hong, D.Y. Hwang, S. Yoon, O. Isacson, A. Ramezani, R.G. Hawley, et al.,
Functional Analysis of VVarious Promoters in Lentiviral Vectors at Different Stages of
In Vitro Differentiation of Mouse Embryonic Stem Cells, Mol Ther. 15 (2007) 1630—
1639. E:\AlexGlassman\Artikel\Neuronal Development\Hong-
S_MolTher_2007.pdf\nhttp://dx.doi.org/10.1038/sj.mt.6300251.

S. Kim, G.J. Kim, H. Miyoshi, S.-H. Moon, S.E. Ahn, J.H. Lee, et al., Efficiency of the
elongation factor-lalpha promoter in mammalian embryonic stem cells using lentiviral
gene delivery systems., Stem Cells and Development. 16 (2007) 537-545.

31



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

d0i:10.1089/scd.2006.0088.

X. Zeng, J. Chen, J. Sanchez, Stable expression of hrGFP by mouse embryonic stem
cells: promoter activity in the undifferentiated state and during dopaminergic neural
differentiation, Stem .... 6565 (2003) 647-653. doi:10.1634/stemcells.21-6-647.

C.T. Laurencin, Y. Khan, Regenerative engineering., Science Translational Medicine. 4
(2012) 160ed9. doi:10.1126/scitransimed.3004467.

J. V Coumans, T.T. Lin, H.N. Dai, L. MacArthur, M. McAtee, C. Nash, et al., Axonal
regeneration and functional recovery after complete spinal cord transection in rats by
delayed treatment with transplants and neurotrophins., The Journal of Neuroscience :
The Official Journal of the Society for Neuroscience. 21 (2001) 9334-9344.
doi:21/23/9334 [pii].

H.M. Gransee, W.-Z. Zhan, G.C. Sieck, C.B. Mantilla, Localized delivery of brain-
derived neurotrophic factor-expressing mesenchymal stem cells enhances functional
recovery following cervical spinal cord injury., Journal of Neurotrauma. 32 (2015)
185-193. doi:10.1089/neu.2014.3464.

S.1. Jenkins, M.R. Pickard, N. Granger, D.M. Chari, Magnetic nanoparticle-mediated
gene transfer to oligodendrocyte precursor cell transplant populations is enhanced by
magnetofection strategies., ACS Nano. 5 (2011) 6527-38. doi:10.1021/nn2018717.
M.H. Maurer, C. Thomas, H.F. Burgers, W. Kuschinsky, Transplantation of adult
neural progenitor cells transfected with vascular endothelial growth factor rescues
grafted cells in the rat brain, Int J Biol Sci. 4 (2008) 1-7.
http://www.ncbi.nlm.nih.gov/pubmed/18167530.

H. Yi, Y. Kim, J. Kim, H. Jung, Y.A. Rim, S.M. Jung, et al., A New Strategy to
Deliver Synthetic Protein Drugs: Self-reproducible Biologics Using Minicircles.,
Scientific Reports. 4 (2014) 5961. doi:10.1038/srep05961.

A.M. Darquet, B. Cameron, P. Wils, D. Scherman, J. Crouzet, A new DNA vehicle for
nonviral gene delivery: supercoiled minicircle., Gene Therapy. 4 (1997) 1341-1349.
doi:10.1038/sj.9t.3300540.

Z.Y.Chen, C.Y. He, A. Ehrhardt, M.A. Kay, Minicircle DNA vectors devoid of
bacterial DNA result in persistent and high-level transgene expression in vivo,
Molecular Therapy. 8 (2003) 495-500. doi:10.1016/S1525-0016(03)00168-0.

EMA, CPMP/BWP/3088/99 - Note for guidance on the Quality, Preclinical and
Clinical aspects of Gene Transfer Medicinal Products, Guideline. (2001) 33.
doi:CPMP/BWP/3088/99.

Y.-X.J. Wang, Superparamagnetic iron oxide based MRI contrast agents: Current status
of clinical application., Quantitative Imaging in Medicine and Surgery. 1 (2011) 35-40.
doi:10.3978/j.issn.2223-4292.2011.08.03.

A.S. Teja, P.-Y. Koh, Synthesis, properties, and applications of magnetic iron oxide
nanoparticles, Progress in Crystal Growth and Characterization of Materials. 55 (2009)
22-45. doi:10.1016/j.pcrysgrow.2008.08.003.

W. Wu, Q. He, C. Jiang, Magnetic iron oxide nanoparticles: Synthesis and surface
functionalization strategies, Nanoscale Research Letters. 3 (2008) 397-415.
d0i:10.1007/s11671-008-9174-9.

P. Mayrhofer, M. Blaesen, M. Schleef, W. Jechlinger, Minicircle-DNA production by
site specific recombination and protein-DNA interaction chromatography., The Journal
of Gene Medicine. 10 (2008) 1253-69. doi:10.1002/jgm.1243.

D. Kobelt, M. Schleef, M. Schmeer, J. Aumann, P.M. Schlag, W. Walther,
Performance of high quality minicircle DNA for in vitro and in vivo gene transfer,
Molecular Biotechnology. 53 (2013) 80-89. doi:10.1007/s12033-012-9535-6.

32



Graphical Abstract
Magnetic nanoparticle-mediated gene delivery to neural stem cells using minicircles (small
DNA vectors) achieves significantly higher and sustained gene transfer compared to larger

DNA vector counterparts.
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