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Astrocytes, the “star-shaped” glial cells, are appealing gene-de-
livery targets to treat neurological diseases due to their diverse
roles in brain homeostasis and disease. Cationic polymers have
successfully delivered genes to mammalian cells and hence
present a viable, non-immunogenic alternative to widely used
viral vectors. In this study, we investigated the gene delivery
potential of a series of arginine- and polyethylene glycol-modi-
fied, siloxane-based polyethylenimine analogs in primary
cultured human neural cells (neurons and astrocytes) and in
mice. Plasmid DNAs encoding luciferase reporter were used
to measure gene expression. We hypothesized that polyplexes
with arginine would help in cellular transport of the DNA,
including across the blood-brain barrier; polyethylene glycol
will stabilize polyethylenimine and reduce its toxicity while
maintaining its DNA-condensing ability. Polyplexes were
non-toxic to human neural cells and red blood cells. Cellular
uptake of polyplexes and sustained gene expression were seen
in human astrocytes as well as in mouse brains post-intrave-
nous-injections. The polyplexes also delivered and expressed
genes driven by astrocyte-restricted glial fibrillary acidic
protein promoters, which are weaker than viral promoters.
To our knowledge, the presented work validates a biocom-
patible and effective polymer-facilitated gene-delivery system
for both human brain cells and mice for the first time.

INTRODUCTION

Gene-based therapies can address the growing prevalence of neuro-
logical diseases and disorders (NDDs). A single, effective gene-deliv-
ery system could be used to treat multiple NDDs by altering gene
expression of one or more targets, thereby reversing damage and
restoring function.' Astrocytes, the “star-shaped” glial cells in the
brain, are attractive targets for treating NDDs. During homeostasis,
astrocytes regulate neurotransmission and synaptic activity by
sequestering potassium and neurotransmitters, including glutamate.”
They have preferential access to therapeutics delivered via the
vascular route since their foot processes are integral components of
the blood-brain barrier (BBB).? Reactive astrogliosis is a hallmark
of chronic inflammation characterized by subtle changes to astrocyte
structure and function.” Due to such diverse characteristics, modu-

lating astrocyte gene expression could benefit a broad spectrum of
NDDs. Further, astrocytes secrete several neurotrophic™® and neuro-
inflammatory mediators.””® Thus, astrocyte-targeted gene therapy
could be used to upregulate neurotrophic factor expression and/or
silence that of toxic mediators. To avoid off-target effects on other
brain cells, targeted gene delivery could be implemented by using
astrocyte-restrictive promoters such as glial fibrillary acidic protein
(GFAP),'? glutamate transporter-1, excitatory amino acid transporter
2,'" and aldehyde dehydrogenase 1 L1."?

Gene delivery to astrocytes or any other cell type in the brain is
contingent upon availability of an effective yet biocompatible gene-
delivery system. Few viral vector-based therapies for Alzheimer’s
and Parkinson’s diseases that transitioned into clinical trials did not
show adequate effectiveness in early phases.''* On the other hand,
greater versatility, ability to modulate the polymer composition,
and lack of immunogenicity make polymer-based gene-delivery
systems more appealing than viral vectors for NDD therapies. Among
non-viral gene-delivery systems, cationic polymers and lipids have
been extensively tested."””'” They bind with the negatively charged
DNA and deliver it across negatively charged cellular membrane.
Among cationic polymers, polyethylenimine (PEI) is considered as
a “gold standard” for transfection, but its use is restricted due to cyto-
toxicity caused by high cationic charge, disrupting cell membrane
integrity.'®'® Further, PEI interacts with serum proteins in vivo and
also causes red blood cells (RBCs) aggregation and lysis. Therefore,
substantial efforts are required to mitigate PEI toxicity that can
also offset its transfection and DNA-condensing abilities. We
synthesized a series of siloxane-based PEI analogs, modified by argi-
nine (A), and stabilized with polyethylene glycol (PEG) (P),
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Table 1. Physicochemical Characteristics of AP, Polyplexes

Polymer Name  MES-NHS Buffer pH  PEI Equivalents  Arginine Equivalents ~ PEG Equivalents  Polyplex Particle Size (nm) ~ Variance Zeta potential (mV)
S1 APy not adjusted 1 1 10 5533 £ 0.80 0.249 £ 0.02 2829 +£0.16

S1 AsPyg not adjusted 1 5 10 60.00 + 1.64 0.297 +£0.03  23.82 +0.29

S1 APy not adjusted 1 7 10 61.97 + 1.07 0214 £ 0.02 2721 +1.45

S2 APy pre-adjusted 1 1 10 56.8 + 0.43 0211 +£0.01  27.08 +1.32

S2 AsPyg pre-adjusted 1 5 10 60.43 + 0.05 0252 £ 0.01 279 £ 0.86

S2 A;Py pre-adjusted 1 7 10 85.77 £ 7.55 0.332 £0.02 24.60 = 3.12

Polyplex (polymer:pDNA) 2:1 w/w; MES, 2-(N-morpholino)ethanesulfonic acid; PEI, polyethylenimine; PEG, polyethylene glycol. Values represented as mean + SEM.

collectively referred as A,P,, in which n denotes molar equivalent
(eq) of arginine or PEG per PEI in the composition. Six different poly-
mers were generated that differed in the molar ratio of arginine to PEI
used while synthesizing these polymers. In addition, S1 series of poly-
mers denotes where the reaction was carried out without the pH
adjustment and S2 series where the pH of the reaction buffers were
pre-adjusted (Table 1).

Choosing the most relevant in vitro or in vivo models to test gene-
delivery systems is crucial for proof-of-concept studies. Thus far,
gene-delivery investigations have predominantly used rodent-derived

23 . . .
162023 while primary human brain

primary cells and rodent models,
cells have been seldom tested successfully. Gray and colleagues
reported adeno-associated virus 9-based vector preferentially trans-
ducing neurons in mice and glia in non-human primates (NHPs).**
The difference in transduced cell types in rodents versus NHPs was
attributed to the difference in timing of gliogenesis of these species.””
Another study testing adeno-associated virus-based delivery using
rodent models reported gene-promoter-dependent changes in trans-
duced cell types.”' These findings led us to believe that the species of
the models tested and gene promoters are critical in achieving trans-
lational pre-clinical data. Therefore, in this study, we utilized primary
human astrocytes and neurons for in vitro testing along with astro-
cyte-specific promoters. We validated brain transfection potential
of polyplexes in mice following intravenous (i.v.) injections. Lucif-
erase reporter plasmids (pLucs) were used to determine gene expres-
sion using different polyplexes.

We hypothesized that a balanced composition of the polymer with
PEI condensing the DNA, arginine helping the DNA transport across
plasma membrane, and PEG providing the stability to the polyplex
would be effective in neural cell transfection and in vivo brain gene
delivery. First, thorough in vitro studies were performed to assess
transfection levels, bio- and hemocompatibility, cellular uptake, and
sustained expression in primary cultures of human neurons and
astrocytes using pLuc. The most suitable polymer, which showed
highest transfection levels and biocompatibility, was then used to vali-
date in vivo brain delivery in mice. Our data convincingly demon-
strate an effective, non-viral gene-delivery system for human neural
cells as well as rodent models and offer novel opportunities for pre-
clinical and clinical options for treating neurodegeneration.
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RESULTS

Characterization of A,P,, Polymers

Synthesized AP, polymers consisted of different molar amounts of
arginine used per PEI eq (A;, As, and A;). Polymers were synthesized
by not adjusting (series 1, S1) or adjusting (series 2, S2) the pH of
2-(N-morpholino)ethanesulfonic acid (MES) buffer and phosphate
buffer saline (PBS) at 6.5 and 7.2, respectively. MES buffer was used
for carboxylic acid activation, and PBS buffer was used for reaction
between amino groups and activated carboxylic acid. The polymers
and pLuc were mixed in 2:1 weight/weight (w/w) ratio to form poly-
plexes. The zeta potential (23-29 mV) and particle size (50-90 nm) of
all polyplexes were in a narrow range irrespective of the synthesis
method or the number of arginine residues.

A Specific Polymer:pDNA Ratio Achieves Optimal Gene
Expression and Biocompatibility in Primary Human Fetal
Astrocytes

Human astrocytes were transfected with different w/w ratios S2
AsPjy, and pLuc to evaluate the optimized polymer to plasmid
DNA (pDNA) ratio that is biocompatible and yet effective in
achieving high levels of transfection (Figure 1). Unmodified PEI
was used as a positive control of transfection. Both S2 AsP;, and
PEI were complexed with pLuc at w/w ratios of 1:1, 2:1, 4:1, and
8:1, keeping concentration of pLuc constant at 2.5 pg/mL to form pol-
yplexes. Luciferase expression was significantly higher in cells treated
with 2:1 w/w ratio than other ratios for both polymer and PEI, respec-
tively (*p < 0.05, **p < 0.01). Also, S2 AsP 2:1 w/w transfection led to
higher luciferase activity compared to PEI 2:1 w/w transfection (*p <
0.01) (Figure 1A). In parallel, lactate dehydrogenase (LDH) activity
increased in 4:1 and 8:1 S2 AsPj,-treated cells compared to 1:1 S2
AsPjo-treated cells (*p < 0.05, **p < 0.01). Though LDH activity
did not change with increasing polyplex ratio in PEI-treated cells, it
was higher in 2:1 PEI compared to 2:1 A,P,-treated cells (#p <
0.05) (Figure 1B). Metabolic activity, measured as 3-(4,5-dimethylth-
iazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) absorbance,
did not change in S2 AsP;, polyplex-treated cells with increasing ra-
tios and decreased in 4:1 and 8:1 PEI-treated cells compared to 1:1
PEI-treated cells (**p < 0.01, ***p < 0.001). Cells treated with PEI
showed lower MTT compared to S2 AsP,q at 2:1, 4:1, and 8:1 ratios
(*p < 0.05, p < 0.01), respectively (Figure 1C). Since 2:1 w/w
polyplexes provide higher transfection levels and low cytotoxicity
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Figure 1. A Specific Polyplex Ratio Achieves Optimal Gene Expression and
Biocompatibility in Primary Astrocytes

An AP, analog S2 AsPio or polyethylenimine (PEI) was mixed with 2.5 pg/mL
luciferase plasmid in different w/w ratios (1:1, 2:1, 4:1, and 8:1). Astrocytes
(150,000/well) were treated with polyplexes for 3 hr. The polyplex-containing media
was removed, and fresh culture medium was added. The (A) luciferase, (B) lactate
dehydrogenase (LDH), and (C) metabolic activities were measured 48 hr post-
treatment. Data represent mean + SEM for two donors with a minimum of triplicate
determinations/donor (*p < 0.05, *p < 0.01, and **p < 0.001 for 1:1 w/w versus
other ratios for S2 AsP4 or PEI, #p < 0.05, *p < 0.01 for S2 AgP;o versus PEI at
same w/w).

compared to other compositions, further experiments were conduct-
ed using this ratio.

Physicochemical and/or pH Differences during Polyplex
Formulations Alter the Levels of Gene Expression and
Biocompatibility in Human Neural Cells

Polyplexes generated from six polymers (S1 A;P;o, S1 AsPjy, S1
A;P 10, S2 APy, S2 AsPyg, and A;P;) (details in Table 1) were tested
for their transfection and biocompatibility in human neural cells.
Transfection levels were evaluated by measuring luciferase activity
while biocompatibility was assessed with LDH and MTT assays. Poly-
mer effects on cell morphology were determined as an additional in-
dicator of biocompatibility.

In astrocytes, higher gene expression was observed in S2 A,P;, and
AsPyy compared to S1 AsPj, S1 A;Pyg, and S2 A;P;, (*p < 0.05). A
two-way ANOVA revealed that the synthesis method, but not the
number of arginine residues, affected transfection levels (*p < 0.05
for S1 versus S2) in astrocytes (Figure 2A). None of the six A,P,
analogs increased LDH activity compared to controls (Figure 2B).

Metabolic activity was reduced (7%-21%) across polyplex treatments
(*p <0.05, **p < 0.001). S1 A;P;o and A;P;, were the most cytotoxic
with 21% and 15% decrease in metabolic activity, respectively. S2
polymers presented better biocompatibility as indicated by 7%-12%
decrease in metabolic activity (Figure 2C). All polyplexes, with the
exception of S1 AP, did not alter glial morphology in comparison
to untreated controls as per GFAP staining (Figures 2D-2]). A DNA
intercalating dye, DAPI, stained nuclei and pLuc in the cytoplasm.
The cytoplasmic DNA staining indicated that polyplexes were in
the cytoplasm (Figures 2E-2]). The cytoplasmic DAPI staining was
most distinct in S1 APy, -treated astrocytes (arrows in Figure 2E).

In neurons, S2 AsP;, transfection led to the highest luciferase expres-
sion compared to all other polyplexes except S2 A;P;o (*p < 0.05).
Buffer pH or the proportion of arginine residues used during synthe-
sis did not affect the transfection levels in human neurons (Figure 3A).
In neurons, S1 A;P;o was the most cytotoxic compared to the other
polymers (***p < 0.001) as measured with LDH and MTT activities,
respectively (Figures 3B and 3C). Except S1 A;Pjo, none of the
polyplexes altered neuronal morphology compared to controls as
characterized by microtubule associated protein 2 (MAP2) staining
(Figures 3D and 3F-3]). However, S1 A,P;,-treated neurons showed
loss of processes and constricted cell bodies (arrows in Figure 3E).
Co-staining with GFAP indicated a small number of astrocytes in
the neuronal cultures, which were similar in all treatments.

Overall, S2 polymers led to higher luciferase activity and better
biocompatibility compared to their S1 counterparts in both astrocytes
and neurons. Therefore, only S2 polymers were used in the follow-up
studies.

Time-Based Kinetics Reveals a Rapid Uptake of S2 Polyplexes

and Sustained Gene Expression in Primary Human Astrocytes

To evaluate the uptake pattern of polyplexes in primary human astro-
cytes, two different transfection paradigms were implemented. In the
first method, consistent with the previous experiments, cells were
treated with polyplexes for 3 hr, then polyplexes were “washed” and
fresh media was replenished (Figures 4A-4C). In the second para-
digm, cells were left “unwashed” (Figures 4D-4F). Luciferase activity
was measured at 3, 8, 24, and 48 hr post-transfection (Figures 4A and
4D). In both the treatment paradigms, luciferase expression was un-
detectable at 3 hr, detectable at 8 hr, and increased at 24 and 48 hr in
APy, (Figures 4A and 4D, red line, squares)- and AsPo (Figures 4A
and 4D, blue line, triangles)-treated cells. A;P;o- and AsP;o-mediated
luciferase expression was higher compared to APy (green line,
inverted triangles) at 24 and 48 hr in both the paradigms (°p <
0.05) (Figures 4A and 4D). A,Pj,-facilitated protein expression
in washed cells was also considerably higher than AsP;, at 48 hr
(*p < 0.05) (Figure 4A). Simultaneous cytotoxicity assays depicted
no change in LDH activity in cells treated for 3 hr (Figure 4B),
and it increased by 8%-15% at 48 hr in continuous treatment
(***p < 0.001) (Figure 4E). The metabolic activity recovered in both
the paradigms after an initial reduction at 8 hr (**p < 0.01) and was
comparable to untreated controls (Figures 4C and 4F). Collectively,

Molecular Therapy: Nucleic Acids Vol. 12 September 2018 647


http://www.moleculartherapy.org

A 2004 B 150-

X

e
52150-
&= 2= 1001
Q C o
3 .‘=:31oo -%‘E
g5 <8
g &=
S g a% 504
a % 504

[

3

o-

Molecular Therapy: Nucleic Acids

()

150+

-

=3

(=}
1

Metabolic Activity
(% Control)
[+
i

0 Con A, As A, Ay Ay A, Py

$1 S2

D CON
J S2AP,
/

Figure 2. The Transfection Levels and Biocompatibility of A,P,, in Human Astrocytes are Affected by pH and Number of Arginine Residues
Arginine-modified PEI polymer derivatives synthesized by method S1 or S2 containing 1, 5, or 7 arginine residues (A, As, A7) and 10 polyethylene glycol (PEG) (P0) residues/
PEI molecule were mixed with pLuc in a 2:1 ratio. Human astrocytes (150,000/well) were treated with AP, polyplexes. After 3 hr, polyplex containing-media was removed,
and fresh culture medium was added. (A) Luciferase, (B) LDH, and (C) metabolic activities were measured 48 hr post-treatment. Data represent mean + SEM for three donors
with a minimum of triplicate determinations/donor (*p < 0.05, ***p < 0.001). In parallel, astrocytes were immunostained for astrocyte-specific glial fibrillary acidic protein
(GFAP; red) and nuclear dye DAPI (blug). (D) Untreated control, (E) S1 A1P1q, (F) ST AsP10, (G) ST A7P+0, (H) S2 A1P10, () S2 AsP10, and (J) S2 A;P+o. Arrows indicate astrocytes
with distinct cytoplasmic pDNA staining in endosomes. Representative donor images from four independent donors are shown. Original magnification x200.

these results indicate that optimal polyplex uptake occurs in a few mi-
nutes to hours, while cytotoxicity assays demonstrate that polyplexes
are biocompatible even following a prolonged exposure to cells.

After delineating the cellular uptake pattern, we evaluated the sus-
tained luciferase expression obtained with S2 analogs. To delineate
this, human astrocytes were treated with polyplexes for 3 hr, and
luciferase expression was assessed at time points starting at 8 hr
through 10 days (Figure 5A). Consistent with the previous data in Fig-
ure 4, luciferase activity was detectable at 8 hr and peaked at 2 days
post-treatment. Expression dropped at 4 days (~75% from day 2)
and then remained stable until 7 days. Both A;P;, (Figure 5A, red
line, squares) and AsP;, (Figure 5A, blue line, triangles) consistently
depicted higher expression compared to A,P;, (Figure 5A, green
line, inverted triangles) at 2 days, 4 days, and 7 days, respectively
($$$p < 0.001). At 7 days, luciferase expression was higher in AP,
polyplex-treated cells than in AsPj, polyplex-treated cells (**p <
0.001) (Figure 5A). Beyond 7 days, luciferase expression, while detect-
able, dropped inconsistently up to 10 days in astrocytes derived from
multiple brain tissues (data not shown). In parallel, LDH and MTT
activities were measured at 4 days and 10 days (Figures 5B and 5C).
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LDH activity increased for A;P;, and AsP;, at 4 days (***p <
0.001); however, it recovered and was comparable to untreated
controls at 10 days (Figure 5B). Metabolic activity decreased in
A,Pjo-polyplex treated cells at 4 days and in all treatments at
10 days (***p < 0.001, ~11%-18%) (Figure 5C), which was compara-
ble to the drop in metabolic activity seen at 2 days (Figure 2C).

Taken together, these results depict that cellular uptake of polyplexes
with a short exposure can successfully sustain gene expression over
longer time periods.

Polymer-mediated, GFAP-promoter-driven Gene Delivery to
Human Astrocytes

Brenner and colleagues'®*® have reported a 2.1-kb region of the
GFAP promoter i.e., gfa2, and truncated portions of gfa2, i.e., gfa28
and gfaABCI1D are responsible for restricting gene expression to
either a specific brain region or to astrocytes. A luciferase reporter
gene was sub-cloned downstream of these GFAP promoters (Fig-
ure 6A). Next, we tested delivery of GFAP promoter-driven luciferase
plasmids using A,P,. Due to their highest transfection levels, we
complexed APy, and AsP;, with each GFAP promoter construct
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Figure 3. A,,P,, Polyplexes Express Reporter Gene and Are Biocompatible in Primary Human Neurons

Arginine-modified PEI polymer derivatives synthesized by method S1 or S2 containing 1, 5, or 7 arginine residues (A4, As, A7) and 10 PEG (P4 ) residues/PEI molecule were
mixed with pLuc in 2:1 w/w ratio. Human neurons (100,000/well) were treated with A,P,, polyplexes for 3 hr. The polyplex containing-media was removed, and fresh culture
medium was added. After 48 hr, (A) luciferase, (B) LDH, and (C) metabolic activities were measured. Data represent mean + SEM for three to five human donors with a
minimum of triplicate determinations/donor (*p < 0.05, **p < 0.001). In parallel, neurons were immunostained for neuron-specific microtubule associated protein 2 (MAP 2,
green). GFAP (red) staining indicated presence of astrocytes in the neuronal cultures (D) untreated control, (E) S1 AP+, (F) ST AsP1o, (G) S1 A7P10, (H) S2 A1P10, () S2 AsP+o,
and (J) S2 A;P+o. Arrows indicate neurons without well-defined processes and shrunken cell bodies. Representative images from three individual donors are shown. Original

magnification x200.

(gfa-Luc) at 2:1 w/w ratio. Astrocytes were treated with polyplexes for
3 hr, and luciferase levels were measured at 48 hr. While weak lucif-
erase expression was measured in cells transfected with gfa2-Luc with
both polyplexes, gfa28-Luc and gfaABC1D-Luc led to higher lucif-
erase activity (Figure 6B). In A,P;,-mediated transfections,
gfaABC1D-driven gene expression was higher as compared to gfa2
(*p < 0.05). In parallel, AsP;o-mediated gfa28-Luc transfection re-
sulted in higher expression compared to gfa2-luc (*p < 0.05) (Fig-
ure 6B). Overall lower luciferase activity levels could be attributed
to weaker GFAP promoter activity; however, these results highlight
consistent transfection capabilities of polymers confirming their
translational feasibility for astrocyte-targeted gene delivery.

Hemocompatibility of A,,P,, Polyplexes and Polyplex-Mediated
Gene Delivery to Mouse Brains

Prior to confirming delivery to mouse brains, it was critical to confirm
the hemocompatibility of polyplexes. Human RBCs were isolated
from healthy human donors and were incubated with polyplexes
for 3 hr at room temperature (RT). Deionized water was used as a
positive control. Lysis of RBCs incubated with all analogs, except S1

APy and S2 A,P,, was >0.25% or undetectable indicating good
hemocompatibility (Figure 7A). With S2 A;P;, RBC lysis was
marginally higher (~2.2%). Significant RBC lysis was observed with
S1 APy (~5.5%) when compared to the negative control (1X
PBS). Additionally, none of the polyplexes induced RBC aggregation
(data not shown).

After confirming hemocompatibility in human RBCs, we wanted to
validate in vivo polymer-mediated i.v. gene delivery. For this, S2
AsPjo-pLuc polyplexes were injected via tail vein to athymic nude
(nu/nu) mice. Luciferase expression was evaluated in the liver and
brain tissues (Figure 7B) at 24, 48, and 72 hr following three injec-
tions. Liver tissue isolates depicted little to no luciferase expression
compared to baseline controls. For brain isolates, the highest lucif-
erase activity was measured at 48 hr, while brains isolated at 24 hr
and 72 hr showed marginally higher luciferase activity than the
control brain isolates. Immunohistochemical analyses were per-
formed to detect luciferase localization in the mice brains. Confocal
micrographs showed luciferase expression in the cortical brain re-
gions in astrocytes (arrowheads in Figures 7D4 and 7E4) as well as
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other cells as indicated by luciferase-GFAP co-staining (Figures 7D,
Con; 7E, 24 hr; and 7F, 48 hr). We anticipate that using constructs
with GFAP promoters will restrict the expression to astrocytes and
eliminate off-target effects. In summary, polyplexes effectively
crossed the BBB and delivered pDNA to brain cells, which under-
scores a broader gene-delivery potential of our polyplex-based gene
delivery system.

DISCUSSION

In the past few years, CNS-targeted therapeutics have been in
great need, owing to increasing global prevalence of NDDs and lack
of effective treatment options. Astrocytes have emerged as critical
functional components of the CNS. Our review of the current
literature' suggested that astrocyte-directed CNS therapies are
pre-destined in the near future. This study is a first step in that
direction, testing a gene-therapy approach using biocompatible
and hemocompatible polyplexes that demonstrated cellular uptake
and sustained gene expression in primary neural cells and in vivo in
mice.

Selecting the appropriate in vitro model is a critical first step for eval-
uating translational potential of human therapies. Prior studies have
successfully targeted astrocytes using viral or non-viral gene-delivery
systems in rodent disease models including for neuropathic pain®’
and in Alzheimer’s disease,”® Parkinson’s disease,”” and Huntington’s
disease.””! Results from these studies validate the utility of targeting

astrocytes for CNS therapeutics. However, human astrocytes have
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24 48 lighted species of tested animals to be a critical
aspect in determining cell-type-specific gene-
expression patterns.”**> In this context,
primary neural cells from over a dozen independent human tissues
were used in our study. To our knowledge, this is the first proof-of-
concept study simultaneously depicting polymer-mediated gene de-
livery to primary human brain cells and capable of traversing the

BBB in rodent models.

Polyplex-based transfections are influenced by several factors,
including DNA condensation, cellular uptake, cytoplasmic delivery,
and DNA release from polyplexes for nuclear localization. Impor-
tant factors also include stability and aggregation in the presence
of serum proteins, biocompatibility, and hemocompatibility. The
presented study addressed each of these aspects by implementing
stepwise, deliberate investigations to depict successful gene delivery
to primary neural cells. First, we determined that the optimal poly-
plex ratio, which would condense pDNA, would not affect plasma
membrane interactions and facilitate their endosomal escape. A
2:1 w/w ratio was found to be more suitable than other combina-
tions with respect to transfection levels and biocompatibility (Fig-
ure 1). The gel electrophoresis data also show DNA condensation
at this ratio (data not shown). More importantly, the higher viability
of A,P,-transfected cells compared to PEI transfections indicated
that the PEG modifications reduced PEI toxicity, while maintaining
the same or higher transfection levels (Figures 1A and 1C).

Changes in pH may rearrange polymer components, ultimately
affecting its DNA binding and delivery efficiency. To analyze pH-
associated changes, MES and PBS buffer pH was not adjusted (S1)
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or pre-adjusted (S2). The physicochemical characteristics of all the
polymers were comparable, and no specific changes were observed
in the context of the buffer pH adjustments (Table 1). However,
both astrocytes and neurons transfected with S2 polymers showed
overall higher luciferase expression, indicating increased transfection
(Figures 2A and 3A). The difference in luciferase expression with S1
and S2 polymers could be due to effects of altered buffer pH on argi-
nine, PEG, and PEI conjugation efficiency in the overall composition.
Alternately, the reactants in the S2 formulation could have formed
stable structures, owing to higher conjugation efficacy at the pre-
adjusted buffer pH, leading to higher transfection. Further investiga-
tions are necessary to delineate the underlying physicochemical
changes, which could influence transfection levels. Nonetheless, lucif-
erase activity observed with all polyplexes established their utility in
transfection studies.

Some aspects of intracellular gene delivery mechanisms of PEI have
been well demonstrated. First, endocytic vesicles internalize PEI-
based polyplexes. Highly protonable amines of PEI bind H* ions
reduce pH and destabilize lysosomal enzymes, causing osmotic
swelling and subsequent endosomal escape of polyplexes by vacuole
disruption.”® Further mechanisms of cytoplasmic release and
nuclear membrane crossing of pDNA are unclear.”” We observed
luciferase expression at 8 hr, indicating the nuclear entry of pDNA
and subsequent transcription and translation within that time frame
post-transfection. However, gene expression kinetics were not well
understood. Therefore, cellular uptake and sustained gene expression
of A,P, polyplexes were evaluated. It was observed that uptake
occurred with a short exposure of a few minutes to hours, and expres-
sion was sustained for over a week in primary astrocyte cultures
without cytotoxicity (Figures 4 and 5). It is unclear if there is a retro-
grade polyplex release and reuptake by cells from the culture media or
if the polyplexes persist in cytoplasm without being metabolized and
release pDNA over time. Regardless of the mechanism, these results
are promising since this non-viral delivery system can be used in
disease models where a transient, yet stable gene expression is
required without the risk of genomic DNA integration observed

with viral vectors. It must be noted that our in vivo experiments
did not indicate a sustained expression pattern (Figure 7B), and these
studies are in incipient stages and thorough investigations are war-
ranted to delineate the in vivo expression kinetics.

It has been shown previously that PEI or its derivatives mediate
in vitro or in vivo neuronal gene delivery in rats,”® mice,'” or brain-
derived primary cells and cancer cell lines.*”*" We also showed
A, P,-mediated luciferase expression in primary neuronal cultures
(Figure 3A); however, our objective was to validate a gene-delivery
system capable of astrocyte targeting. Hence, neuronal A,P,, polyplex
treatments were predominantly focused on ruling out an off-target
neuronal cytotoxicity (Figures 3B and 3C). Concurrent luciferase ac-
tivity in neuronal cultures was approximately 1,000-fold lower than
astrocytes (Figures 2A and 3A). This could be due to cell culture con-
ditions, which are strikingly different for neurons versus astrocytes.
Primary human neurons were cultured in serum-free medium to
restrict the growth of astrocytes after isolation from human brain
tissues. We obtained over 90%-95% neuronal purity with a small
number of astrocytes in cultures based on MAP2 and GFAP staining
(Figures 3D-3]). It is unclear if the luciferase activity seen in these
cultures is coming from neurons or astrocytes. The polyplexes may
possess an intrinsic glial tropism leading to more polyplex molecules
binding to astrocytes, resulting in higher transfection levels. Alter-
nately, astrocytes may take up the polyplexes more efficiently during
proliferating phase in culture, which could subsequently increase gene
expression compared to terminally differentiated neurons (Figures
2A and 3A). Though the underlying mechanisms are not well under-
stood at this time, these results are encouraging from a glia-targeting
perspective.

A more direct approach to restrict off-target effects of gene delivery is
to use a promoter restricted to a specific target cell type. The gfa2
segment in the 5’ region of the GFAP promoter was identified to be
capable of restricting gene expression to astrocytes.”® Since then,
the gfa2 promoter has been used in astrocyte targeting studies,”>*’

in transgenic rodent models,”* and to study astrocyte function.”"*’

Molecular Therapy: Nucleic Acids Vol. 12 September 2018 651


http://www.moleculartherapy.org

A gfaz-Luc Binding sites for Chop-C/EBPf, GATA, NF-xB SLENA
2163 757 1488 [-) 32 55W
[ au |A  BJc1 | c3 c4 c5 cs [0[ep] Luc]
gfaABC1D-Luc[a B[ ct [p[ep|[Luc
gfa28-Luc[a =
. 200 +15 ATGTTG
i
2
z 8"
B E
<>
@ £ 1001
o
= o0
S 2 50
J%
©
L
o= oon
gfa2-Luc  + - =
gfaABC1D-Luc - + - -+
gfa28-Luc " .
APyg AsPyg

Figure 6. Select S2 Polymers Successfully Deliver GFAP Promoter
Fragment Driven-Luciferase Expression in Human Astrocytes

(A) Plasmids with GFAP promoter segments (gfa2, gfa28, and gfaABC1D) were
used to drive luciferase (Luc). These promoter regions have been reported to restrict
gene expression to a region and/or astrocytes in the brain. (B) Human astrocytes
(150,000/well) were transfected with select S2 A1P1o and AsPo:pgfa-Luc plasmids
for 3 hr and washed. Luciferase activity was measured 48 hr post-treatment. Data
represents mean + SEM for two donors with a minimum of triplicate determinations/
donor (*p < 0.05 versus gfa2-Luc for the same polyplex).

Subsequent experiments showed that segments within gfa2, namely
gfa28, restrict gene expression to a specific brain region, and
gfaABCI1D restricts it to astrocytes throughout the brain'® (Fig-
ure 6A). We successfully used S2 A P, and S2 AsP,, to transfect
astrocytes with GFAP promoter-driven constructs (Figure 6B). The
gfa28 promoter is not specific to astrocytes, restricting expression
to dorsal and caudal cortical regions, hippocampus, and caudal ver-
mis of the cerebellum.** On the other hand, the gfaABC1D promoter
expresses ubiquitously through the brain and is restricted to astro-
cytes.'” These differences in expression patterns can be used in target-
ing astrocytes for specific disease conditions, e.g., a gfa28 promoter
may not be used for designing therapeutics for Parkinson’s disease,
in which the substantia nigra located in the midbrain is the primary
affected area;'* however, it can be used for treating HIV-associated
neurocognitive disorders, in which white matter loss in the corpus
callosum region is observed.*> It must be noted that GFAP is a
weak promoter compared to viral cytomegalovirus (CMV) and sim-
ian virus 40 (SV40) promoters. Thus, additional manipulations of the
promoter sequence, such as upstream insertion of a CMV enhancer or
inverted terminal repeats,*® may obtain substantial gene expression.

For CNS-targeted therapies, a significant obstacle exists in the form of
the BBB. In our studies, S2 AsP;, successfully crossed the BBB, and
reporter expression was detected in the brain after iv. tail-vein
injection in mice (Figures 7B and 7C). It was surprising that there
was little to no luciferase expression detected in the liver at any tested
time points. Nonetheless, these results are consistent with previous
findings that investigated gene delivery with PEI derivatives."”*®
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We speculate that in the liver either the polyplexes get metabolized
rapidly prior to pDNA release or may be excreted from liver via
biliary duct to the gut. Alternately, luciferase could be metabolized
immediately post-translation in hepatocytes. Brain-targeted gene
therapies have adopted other methods to circumvent or facilitate en-

try through the BBB, such as intrastriatal*’ or ventricular injections™
and focused ultrasound.”’ Considering the invasiveness or

complexity of these methods, i.v. delivery is preferable.

Viral vectors have thrived and transitioned better in pre-clinical
brain-targeted gene delivery studies, and all current gene therapy clin-
ical trials for NDDs use viral vectors.”> Some of these studies have
reported issues, such as immunogenicity and lack of efficacy in
early-phase clinical trials."**’ In comparison, investigations testing
non-viral gene delivery for NDDs have been fickle due to lack of
biocompatibility, efficacy, and inability to cross the BBB. Our study
is well timed in this aspect, as we address the unmet need of a biocom-
patible and effective gene-delivery system.

Conclusions

While neurons are the ultimate therapeutic cellular destination for
treating neurodegeneration, reaching the “stars,” i.e., astrocytes, first
will be more practical and effective. Gene delivery systems, including
viral vectors, inorganic nanoparticles, and lipomers are being tested
for targeting gene therapy to the brain. Each of these systems has
its own set of shortcomings that include but are not limited to immu-
nogenicity, toxicity, and inadequate efficacy. Our current study
convincingly shows that we have a non-viral, biocompatible, and
effective delivery system for targeting gene therapy to primary human
neural cells and mouse brains. We propose that this approach will
provide a powerful tool for delivering therapeutic genes not only to
the brain, but also other difficult cell targets.

MATERIALS AND METHODS

Synthesis of A,P,, Polymers

3-(2-aminoethylamino) propyl-methyl-dimethoxysilane was pur-
chased from Fluka (Sigma-Aldrich, St. Louis, MO). PEI, branched,
molecular weight (MW) 25 kDa; N-hydroxysuccinimide (NHS);
PEG bis(carboxymethyl)ether, MW 600 Da (PEG); 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC); Na-
(tert-butoxycarbonyl)-aspartic acid (Boc-Asp); 2-(N-morpholino)
ethanesulfonic acid (MES); and L-arginine were purchased from
Sigma-Aldrich (St. Louis, MO).

Oligo-(alkylaminosiloxane) was prepared as described previously.”*
In brief, 1 eq of 1 N NaOH solution (32 pL) was added to
1.8 mmol (0.371 g, 1 eq) of 3-(2-aminoethylamino) propyl-methyl-
dimethoxysilane and stirred for 20 hr at RT. The removal of residual
solvent and small volatiles gives oligo-(alkylaminosiloxane). The
schematic of this reaction and resulting poymer compositions have
been described previously.™

Next, L-arginine, PEIL and PEG were conjugated in consecutive
steps onto oligo-(alkylaminosiloxane) by a four-step reaction using
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Figure 7. Polyplexes Induce Little to No Hemolysis and Mediate Reporter Gene Expression in Mouse Brains

(A) Whole human blood was centrifuged at 2,000 rpm. Pelleted red blood cells were mixed in saline at a 1:6 ratio and incubated at 37°C with polyplexes (2:1 w/w ratio) for 3 hr.
PBS (1X) and deionized water were used as negative and positive controls, respectively. Post-incubation, supernatants were analyzed to measure % hemolysis compared to
controls. Data shown represent mean + SEM from three donors with a minimum of triplicate determinations/donor (***p < 0.001). (B) Athymic nude mice were injected
intravenously with S2 AsP1o:pLuc polyplexes (100 nug polymer and 50 ng pDNA/dose) for 3 days. Brains and livers were cut into small pieces and incubated with in vivo
glo-d-luciferin in well plates. Luciferase activity was assessed in tissue isolates harvested at 24, 48, and 72 hr after last injection. Data shown represent mean + SEM for 3 to
4 mice per condition (**p < 0.001). (C1-E4) In a parallel experiment, brains harvested at 24 and 48 hr were fixed with 4% paraformaldehyde, and 40 uM frozen coronal
sections were cut immunostained for GFAP (green) and luc (red). (C) Control, (D) 24 hr, (E) 48 hr. Arrowheads represent cells co-stained for luciferase and GFAP. n = 3 or
4 mice per condition. Each image was captured as 8-15 Z sections using a confocal microscope. Representative images from the cortical regions of brain are shown. Original

magnification x100.

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide ~chemistry.”> For
every conjugation reaction, carboxylic acid activation and the reac-
tion between amine and activated carboxylic acid were carried out
in MES and PBS buffer, respectively. Two types of polymers were syn-
thesized. The first type were synthesized by not adjusting the pH (S1)
and the second type by adjusting the pH of MES (6.5) and PBS (7.2)
buffers, using HCl and NaOH after adding all the reactants (S2). The
conjugation efficiency is expected to be higher when the activation of
carboxylic acid is performed at pH 6.5, and the reaction between acti-
vated carboxylic acid and amine is performed at pH 7.2. All polymers
where dialyzed extensively against milli Q water to remove untreated
monomers and freeze-dried.

Plasmids, Sub-cloning, and Amplification

All gene delivery experiments were carried out using cytomegalovirus
promoter-driven luciferase as a reporter plasmid vector unless spec-
ified otherwise. Reporter pLuc was amplified by transforming
Escherichia coli DH5a. competent cells and isolated using endo-
toxin-free pDNA isolation kits according to manufacturer’s instruc-
tions (QIAGEN, Valencia, CA). All GFAP promoter-encoding
constructs gfa2-lacZ (catalog no. 53126), gfa28-LacZ (catalog no.
53130), and gfaABC1D-LacZ (catalog no. 53131) were obtained
from Addgene (courtesy of Dr. Michael Brenner).'”** Sub-cloning
was carried out using restriction digest, followed by DNA ligation.

All reagents were purchased from New England Biolabs (Ipswich,
MA) unless otherwise specified. Luciferase open reading frame
(ORF) was excised from pLuc by restriction digestion using Nco-I
(catalog no. R0193) and Xba-I (catalog no. R0145). The GFAP
promoter constructs were digested with Nco-I and NgoMIV (catalog
no. R0564) to remove LacZ ORF. Restriction digests were run on an
agarose gel, and a DNA gel extraction kit was used to isolate required
fragments (QIAGEN, Valencia, CA). Short oligonucleotide sequences
were ordered from Sigma (St. Louis, MO). The oligos were designed
such that two oligo strands formed double-stranded DNA inserts
with 5 sticky ends for Xba-I and NgoMIV. Equimolar concentrations
of complimentary oligonucleotides were mixed and incubated at 85°C
for 5 min and cooled down to RT. The fragments (luciferase ORF,
GFAP promoter plasmids without LacZ OREF, double-stranded
oligos) were mixed with DNA ligase as per manufacturer’s instruc-
tions. Subsequently, DH5c competent cells were transformed
with ligated products. Appropriately ligated clones were obtained af-
ter a series of plasmid minipreps and restriction digests, which were
then isolated using endotoxin-free pDNA isolation kits (QIAGEN,
Valencia, CA).

Characterization of A,,P,: pPDNA Polyplexes

Polymers and pDNA were dissolved in nuclease-free water at a
concentration of 1 mg/mL. Polyplexes were prepared in 5 mM PBS
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(pH 7.4) by mixing pDNA with different amounts of polymer and
medium. The pDNA-polymer solutions were mixed well by tritu-
rating, vortexed, and then incubated for 15-20 min at RT. Polyplex
size and zeta potential were determined using quasi-elastic light
scattering (PSS/NICOMP 380/ZLS Particle Sizing Systems, Santa
Barbara, CA).

Cell Culture

Primary human astrocytes and neurons were harvested from first-
and early second-trimester fetal specimens, obtained from the Birth
Defects Research Laboratory, University of Washington (Seattle,
WA), in full compliance with the ethical guidelines of the NIH
(Bethesda, MD), University of Washington, and University of North
Texas Health Science Center (Fort Worth, TX). The Birth Defects
Research Laboratory obtained written consent from all tissue
donors. Human neurons and astrocytes were isolated as previously
described.”® Human neurons were cultured on poly-d-lysine-treated
plates in neurobasal medium with 1x B27 supplement for 2-4 weeks
before treatments. Astrocytes were cultured in 1:1 v/v DMEM:F12
medium with 10% fetal bovine serum (Peak Serum, lot no. 17C161)
for 20-24 hr
penicillin-streptomycin-neomycin (PSN) (catalog no. P4083, Sigma
Aldrich, St. Louis, MO) and Fungizone (catalog no. A9528, Sigma
Aldrich, St. Louis, MO). Neurons were plated at a density of
100,000 cells/well and astrocytes at 150,000 cells/well in 48-well
plates. All reagents for cell culture media were Gibco brand (Fisher
Scientific, Waltham, MA) unless otherwise specified.

before treatments. Both media contained 1x

Transfecting with Polyplexes In Vitro

All transfection experiments were carried out with cells cultured in
48-well plates. Polymers and pDNA were dissolved in culture me-
dium at a concentration of 1 mg/mL. The polyplexes were prepared
by mixing appropriate amounts of pPDNA and polymer in culture me-
dia to make a final volume of 15 pL/well. The mixtures were incubated
for 15-20 min at RT for polyplex formation. More culture medium
was added to the polyplexes before adding to cells and final concen-
tration of the pDNA in each well was 1 pg/well. Unless otherwise
specified, cells were treated with polymer:pDNA for 3 hr, polyplexes
were then “washed” after 3 hr, fresh culture medium was added, and
end-point assays were carried out 48 hr post-treatment. For A,P,-
pDNA uptake experiments, an additional treatment paradigm was
used in which cells were left “unwashed” at 3 hr, and media was
not replaced prior to protein expression and cytotoxicity evaluations.

Determination of Luciferase Activity In Vitro

The culture media was removed from wells and cells were lysed
with 65 pL of 1x reporter lysis buffer. Then, lysates were loaded in
96-well white-colored plates (20 pL/well) and luciferase activity was
measured according to manufacturer’s instructions (Promega,
Madison, WI).

Determination of Cytotoxicity

Metabolic activity of neural cells was measured by MTT assay as
described previously.”” Absorbance was measured at 490 nm using
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a microplate reader (Molecular Devices, Sunnyvale, CA). Cell super-
natants were collected and LDH activity was evaluated using a
Cytotoxicity Detection Kit”™"® according to manufacturer’s instruc-
tions (Sigma Aldrich, St. Louis, MO). Cell lysates were collected,
and DNA fragmentation was assessed by Cell Death Detection
ELISAP"YS kit according to manufacturer’s protocol (Sigma Aldrich,
St. Louis, MO).

Evaluation of Hemocompatibility

RBC lysis in the presence of polyplexes was evaluated to determine
their hemocompatibility. Blood was collected from healthy human
volunteers in tubes containing potassium EDTA (Sigma-Aldrich).
Collected whole blood was centrifuged at 1,500 x g for 10 min at
RT (Sorvall Legend RT; Thermo Scientific, Waltham, MA), and
RBCs were washed three times with PBS. To determine hemolysis,
RBCs were diluted six times with PBS and incubated at RT with poly-
plexes (polymer:pDNA ratio 2:1 w/w) for 3 hr. The RBC-polyplex
mixture was centrifuged for 10 min, and the supernatant (50 pL)
was dissolved in 150 pL of 40:1 (v/v) ethanol: HCl mixture in a
Nunc 96-well polypropylene MicroWell plate (Thermo Scientific,
Waltham, MA). The absorbance was measured at 399 nm. RBCs
incubated with deionized water were used as the positive control
for complete lysis, and RBCs incubated with PBS served as no lysis
control.

Animals and In Vivo Transfection

Male, athymic nude (nu/nu) mice (5-6 weeks old) were purchased
(Envigo, Allison Pointe Blvd, IN), housed in a temperature- and
light-controlled room on a 12:12 hr light: dark cycle with ad libitum
water and food. Cleveland Clinic’s institutional animal care and use
committee approved all animal procedures, and these were carried
out according to federal and internal guidelines. Mice were anesthe-
tized with 2% isoflurane in oxygen and maintained in anaesthetized
state during tail-vein injections using 1% isoflurane in oxygen via
nose cone. Polyplexes containing 50 pg of pDNA (2:1 w/w
A, P,:;pDNA) in 300 pL saline were injected via tail vein on 3 consec-
utive days at 24-hr intervals. Animals not injected with polyplexes or
DNA were used as controls to check for the background signal. At 24,
48, and 72 hr following the last injection, mice were anaesthetized and
perfused with normal saline following cardiac puncture to wash out
blood. Brains and livers were collected to determine the extent of pro-
tein expression. All organs following dissection were rinsed with sa-
line, cut into small pieces, incubated with VivoGlo Luciferin (Prom-
ega) (1.5 pg per 5 mg tissue weight) for 40 min in 24-well plates
(Becton Dickinson Labware, Franklin Lakes, NJ) and imaged with
IVIS Lumina II (PerkinElmer, Hopkinton, MA). The biolumines-
cence signal intensity (photons per square centimeter steradian
[p/s/cm?®/sr]) of the organs from the injected and uninjected mice
were plotted. Each treatment group consisted of three to four mice
and cumulative data has been shown.

Immunocytochemistry and Immunohistochemistry
For immunocytochemistry, neural cells were fixed in acetone:
methanol (1:1) for 15-20 min at —20°C. After 30 min incubation
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with blocking buffer, the cells were probed with primary antibodies
and incubated overnight at 4°C. Human astrocytes were probed
with primary antibody against GFAP (produced in rabbit, 1:700, cat-
alog no. Z0334; Dako, Carpinteria, CA), and neuroglial cultures were
probed with antibodies against MAP2 (produced in chicken, 1:2,000,
catalogue no. Ab5392; Abcam, Cambridge, UK), and GFAP (pro-
duced in rabbit, 1:1,000; Dako, Carpinteria, CA). Then cells were
washed three times in PBS and labeled according to primary anti-
bodies with anti-chicken and/or rabbit (488 nm, green, or 594 nm,
red) Alexa Fluor secondary antibodies (1:100, Thermo Fisher Scienti-
fic, Waltham, MA), for 1.5 hr at RT. Further, cells were washed thrice
with PBS, and DAPI was added for 3 min at RT to visualize nuclei
(1:1,000, blue, Thermo Fisher Scientific, Waltham, MA). Post-DAPI
staining, images were taken at 100-200x magnification on Nikon
Eclipse and processed by NIS-Element BR 3.2 software (Nikon,
Melville, NY).

For immunohistochemical analysis, brains were harvested after
perfusion of animals with saline. The brains were then fixed by
immersing them into with 5 mL of 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA) diluted in 1 x PBS. The harvested
brains were cryopreserved in a 30% sucrose (Sigma-Aldrich) solution
in 1x PBS at 4°C overnight. The brains were then frozen in the
cryotome cryostat using Tissue-Tek-embedding medium (Sakura
Finetek USA, Torrance, CA) at —20°C. Frozen coronal sections of
the brain of 40-um thickness were cut (CM 1900, Leica, Buffalo
Grove, IL). After blocking (3% horse serum, 0.3% Triton X-100 in
1x PBS), sections were incubated at 4°C overnight with anti-lucif-
erase antibody (produced in rabbit, 1:500, Abcam, Cambridge, UK)
and GFAP antibody (produced in chicken, 1:1,000, catalog no.
Poly28294, San Diego, CA). After washing the brain sections with
PBS, they were stained appropriately with anti-chicken (488 nm,
green) and -rabbit (488 nm, green) Alexa Fluor secondary antibodies
(1:1,000). Finally, nuclear staining was done with DAPI. Images were
taken at 100 x magnification on Zeiss LSM 510 (Carl Zeiss AG, Ober-
kochen, Germany).

Statistical Analyses

All numerical data were taken as mean + SEM for analyses and statis-
tical analysis was performed using GraphPad Prism 7.0. In cytotox-
icity analyses, data were normalized with untreated controls, and
raw data were used in luciferase assay analysis. All data were analyzed
using a one-way (cytotoxicity assays) or a two-way ANOVA
(luciferase assays) with Tukey or Fisher’s least significant difference
post-hoc tests for pairwise comparisons. Differences were considered
statistically significant with p < 0.05.
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