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Recent progress in personalized medicine and gene delivery has created exciting opportunities in
therapeutics for central nervous system (CNS) disorders. Despite the interest in gene-based therapies,
successful delivery of nucleic acids for treatment of CNS disorders faces major challenges. Here we
report the facile synthesis of a novel, biodegradable, microglia-targeting polyester amine (PEA) carrier
based on hydrophilic triethylene glycol dimethacrylate (TG) and low-molecular weight polyethylenimine
(LMW-PEI). This nanocarrier, TG-branched PEI (TGP), successfully condensed double-stranded DNA into
a size smaller than 200 nm. TGP nanoplexes were nontoxic in primary mixed glial cells and showed
elevated transfection efficiency compared with PEI-25K and lipofector-EZ. After intrathecal and
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and brain, respectively, proposing TGP as a novel microglia-specific gene delivery nanocarrier. The
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Introduction

Microglia are innate immune cells of the central nervous system
(CNS) and play pivotal roles in CNS physiology and patho-
physiology." During neurodegeneration and natural brain
aging, microglia lose their homeostatic cellular properties,
show aberrant activation such as increased production of pro-
inflammatory cytokines and reactive oxygen species (ROS),
and develop dysfunctional lysosomal deposits showing
impaired phagocytosis.” Moreover, microglia are involved in the
regulation of CNS homeostasis while pruning unnecessary
synapses and managing cell debris.® Microglia play a significant
role in the clearance of amyloid plaques and aggregated o-
synuclein in Alzheimer's disease (AD)* and Parkinson's disease
(PD),” respectively. Increased cell-to-cell propagation of a-syn-
uclein in grafted dopaminergic neurons and PD was observed
due to pharmacological ablation of microglia using PLX5622.°
In contrast, uncontrolled over-activation of microglia and
subsequent neurotoxic mediators are suggested to contribute to
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disorders involving aberrant microglia activation while minimizing off-target side effects.

these neurodegenerative diseases.” In neuropathic pain animal
models, microglial activation and subsequent pro-
inflammatory gene expression in the spinal cord elicit central
pain sensitization to induce chronic pain.**® All these studies
point to the critical role of microglia in CNS disease and
propose microglia as a prime therapeutic target for these CNS
disorders.

Given such a role of microglia, efforts have been made to
specifically deliver drugs to microglia in the CNS using
nanoparticle-mediated delivery. In neuropathic pain studies,
specific targeting of microglia using the CD11b antibody-
conjugated nanozyme significantly reduced microglial reactive
oxygen species production and thereby alleviated neuropathic
pain.* In addition, poly-e-caprolactone-based nanoparticles™
and polyamidoamine dendrimers™ were utilized to deliver
drugs specifically to microglia in a neuropathic pain animal
model. Although these nanoparticles have successfully deliv-
ered drug molecules to microglia and show a certain level of
therapeutic efficacy, the development of microglia-targeting
nanocarriers that efficiently deliver nucleic acids for gene
therapy is lacking.

Despite recent technical advances in gene delivery systems,
several issues such as cytotoxicity, low transfection efficiency,
and cell specificity have remained the main challenges for
researchers. For the past few decades, different vectors have
been tested as gene carriers. Though gene therapy using viral
vectors has shown clinical progress, restrictions associated with
use, such as adverse immune reactions, smaller cargo size, and
repeated administration, persist.'*'* Non-viral vectors have

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of microglia-targeting TGP/DNA
nanoplexes. Novel TGP/DNA nanoplexes can be uptaken specifically
by microglia, demonstrating their potential as a therapeutic nano-
carrier of DNA or siRNA for CNS diseases.

emerged as promising alternatives for nucleic acid delivery,
with advantages such as high target specificity and low immu-
nogenicity compared with their viral counterparts. Neverthe-
less, polymeric nanocarriers offer great potential for target-
specific delivery of nucleic acids with not only high trans-
fection efficiency, but also strong biocompatibility and
stability.'"” Among non-viral vectors, polyethylenimine (PEI) is
one of the most widely used gene carriers because of its proton
sponge effect, high transfection efficiency, and ability to
condense DNA/RNA into nanoplexes.'®** However, cell toxicity
is one of the major limitations of PEIs. Moreover, the trans-
fection efficiency and toxicity of PEI are molecular weight-
dependent.*®

Various biodegradable cationic nanocarriers such as poly-
esteramine (PEA) have been reported and investigated as
successful non-viral gene carriers owing to their low cytotoxicity
and high transfection efficiency.”** To overcome the toxicity-
related limitations of PEI, we induced alkylation via the
Michael addition reaction to convert primary and secondary
amines to respective secondary and tertiary amines without
changing the buffering capacity of the backbone. Various PEA-
based carriers synthesized using this method with low-
molecular weight PEI (LMW-PEI) and acrylate monomers have
been reported.”*** Apart from high transfection efficiency, the
biodegradability of PEA offers less toxicity and thereby rapid
clearance, an important feature of PEAs that distinguishes them
from PEI, a highly used cationic gene carrier.”»** PEAs employ
excellent gene delivery by utilizing their biodegradable ester
backbone for low cytotoxicity and the proton sponge effect,
thereby resulting in remarkable transfection efficiency using
a PEI fraction.'>**?

Here we report the design, synthesis, and evaluation of a PEA
based on triethylene glycol dimethacrylate (TG) and LMW-PEI
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via the Michael addition reaction. Immunofluorescence
studies with labeling antibodies were carried out in cultured
glial cells as well as in vivo to determine the carrier's specificity
for microglia. Subsequent cell toxicity studies and transfection
efficiency studies were conducted in vitro and in vivo utilizing
immunohistochemistry to determine successful microglial
transfection. Here, we present data demonstrating that our
newly synthesized novel polymer, TG-branched PEI (TGP), has
high transfection efficiency and targeting specificity for micro-
glia without showing any signs of cytotoxicity, proposing TGP as
an ideal gene carrier for microglia-targeting gene delivery
(Scheme 1).

Experimental

Materials

Branched PEI (BPEI) (M,: 1200 Da and 25 kDa), anhydrous
dimethylsulfoxide (DMSO), and bafilomycin A1 were purchased
from Sigma-Aldrich (St. Louis, Mo, USA). TG (C14H,,0s, 286.32 &
mol™") was purchased from Monomer-polymer and DAJAC
LABs (Ambler, PA, USA). The MTS and Luciferase reporter assay
kits for in vitro use were purchased from Promega (Madison,
WI, USA). Plasmid mini- and midi-prep systems for the pGL3
vector with SV-40 promoter purification were purchased from
QIAGEN (Hilden, Germany). Lipofector-EZ was purchased from
AptaBio (Yongin, Korea).

Synthesis of TGP

TG with BPEI (1.2 kDa) was prepared at a molar ratio of 1 : 2
following a method similar to that reported by Arote et al.*®
Briefly, both TG and BPEI solutions were dissolved in anhy-
drous DMSO and continuously purged with nitrogen. The TG
mixture was added dropwise into BPEI solution and stirred
overnight at 60 °C under nitrogen. Afterward, the modified TG-
PEI solution was purified by dialysis using a membrane with
a molecular weight cut-off of 3500 Da for 24 h at 4 °C against
distilled water. The purified TGP was obtained by lyophilization
for 3 days.

Characterization of TGP

The composition of TGP was assessed by 'H high-resolution
nuclear magnetic resonance (NMR) spectroscopy using
a Bruker AVANCE 600 MHz spectrometer (Bruker, Billerica, MA,
USA). The TG, PEI, and TGP were dissolved in deuterium oxide
(D,0O) at a concentration of 5 mg ml ' and measured. The
molecular weight of TGP was analyzed using gel permeation
chromatography with a Dionex UltiMate 3000 instrument
(Dionex, Sunnyvale, CA, USA). Briefly, the sample (50 pl) was
injected and measured in triplicate. The flow rate of the column
was 1.0 ml min~', and 0.1 M sodium nitrate solution was used
as the mobile phase.

Observation of transmission electron microscopy

The morphology of TGP/DNA nanoplexes (N/P 20) was observed
by energy-filtering transmission electron microscopy (EF-TEM)
(LIBRA 120, Carl Zeiss, Oberkochen, Germany). The particle
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solution was placed on the copper grid, stained with 2%
aqueous uranyl acetate for 5 s, washed twice with distilled
water, and the resulting liquid was removed with filter paper.

Measurement of zeta-potential and particle sizes

The zeta-potential and sizes of TGP/DNA nanoplexes at N/P
ratios of 5, 10, 20, and 30 were measured using a dynamic
light scattering spectrophotometer (DLS, ELS 8000, Otsuka
Electronics, Osaka, Japan) with 90° and 20° scattering angles.
Average and standard deviation were calculated from three
measurements of each sample.

Gel retardation assay

The nanoplex formation ability of TGP with DNA at various N/P
ratios was evaluated by the agarose gel shift assay. Different N/P
ratios of TGP were complexed with DNA (0.1 pg pGL3) and
incubated for 30 min at room temperature (RT). Incubated
samples consisting of 6 X loading dye were loaded onto 1%
agarose gel in Tris-acetate-EDTA buffer. DNA bands were visu-
alized under ultraviolet illumination.

Primary glial cells and microglia culture

One-day-old C57BL/6 mice pups were used to culture primary
glia using a procedure previously described.”® After removing
the meninges from the cerebral hemisphere, tissue was disso-
ciated into a single-cell suspension through gentle repetitive
pipetting. Cells were cultured in Dulbecco's Modified Eagle's
medium supplemented with 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 10% fetal bovine serum (FBS),
2 mM L-glutamine, 1 x NEAA, and 1 x antibiotic/antimycotic in
75 cm? flasks at 37 °C in a 5% CO, incubator; the medium was
changed every five days. To isolate microglia from the mixed
glial cells after 15-20 days of culturing, we kept the flasks in
a rotating shaker at 250 rpm for 3 h. The floating cells were
collected and plated on poly-p-lysine (PDL)-coated glass cover-
slips in a four-well plate with 2 x 10* cells per well. After 15 min,
the media was replaced with fresh media in order to eliminate
unbound non-microglial cells and debris.

In vitro transfection efficiency

The efficiency of transfection in primary mixed glia was evalu-
ated using the luciferase assay. Cells were seeded at 3.0 x 10*
cells per well in a 24-well plate and treated with TGP/pGL3
nanoplexes at 70-80% confluency. TGP and PEI were com-
plexed with purified pGL3 plasmids (0.5 pg) contained in
serum-free media at various N/P ratios (5, 10, 20, 30). After 5 h of
incubation, the prior media was replaced with serum-
containing media (5%). Luciferase assay was conducted
according to the manufacturer's protocol. Relative light units
(RLU) were standardized by total protein, which was measured
by a bicinchoninic acid assay (BCA) and performed in triplicate
with a chemiluminometer (SPARK 10M, Tecan, Minnedorf,
Switzerland).
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Bafilomycin A1l treatment

Since hyper-branched PEI contains a high concentration of
amine groups, we assumed that TGP has the proton sponge
effect and facilitates the escape of nanoplexes from the endo-
some. In order to characterize the pH buffering capacity of TGP,
transfection experiments with bafilomycin A1 treatment were
carried out. Primary mixed glial cells were seeded in a 24-well
plate at 3 x 10" cells per well and treated with 200 nM bafilo-
mycin Al for 15 min before transfection with TGP/pGL3 (N/P
ratio of 20) for an additional 5 h. Afterward, the medium was
replaced with serum-containing media (5% FBS), and the cells
were incubated for 18-24 h. Luciferase activity was measured in
triplicate with a chemiluminometer (SPARK 10M).

Flow cytometry analysis

The whole hippocampus and spinal cord tissue from the
cervical, thoracic, lumbar, and sacral spine was removed sepa-
rately and homogenized mechanically to a single-cell suspen-
sion. For in vitro experiments, the mixed glial cells were
detached using 0.25% trypsin with 3 min incubation at 37 °C
and collected. Cells were washed with ice-cold PBS containing
2% FBS and incubated with Fc BlockerTM (BD Bioscience, San
Jose, CA, USA) for 10 min at 4 °C prior to staining. Then, cells
stained with CD11b-APC (Biolegend Inc., San Diego, CA, USA)
were analyzed with a BD FACSVERSE flow cytometer (BD
Bioscience) to measure the CD11b-positive microglia pop-
ulation. Likewise, cells were stained with ACSA A-2-PE (Miltenyi
Biotec, Bergisch Gladbach, Germany) and Thy-1.2 violet (Biol-
egend Inc.) to identify astrocytes and neurons, respectively.
Data were acquired and analyzed with BD FACSuite v1.2 (BD
Biosciences).

Immunofluorescence

Immunostaining was carried out using previously established
protocols.” The spinal cord sections were incubated in
a blocking solution (5% normal goat serum, 2% bovine serum
albumin (BSA), and 0.1% Triton X-100) for 1 h at RT. Sections
were incubated overnight at 4 °C with the primary antibody for
rabbit-anti-Ibal (1 : 1000; Wako, Osaka, Japan) or rabbit-anti-
GFAP (1 : 1000; Dako, Agilent, CA, USA). After rinsing in 0.1 M
PBS, the sections were incubated for 1 h at RT with a mixture of
Cy3-conjugated secondary antibodies (1 : 200; Jackson Immu-
noResearch, PA, USA) and mounted with VectaShield medium
(Vector Labs, Burlingame, CA, USA). Fluorescent images were
obtained using a confocal microscope (LSM800; Carl Zeiss). For
immunocytochemical analysis, mixed glial cells or pure
microglial cells were seeded onto a PDL-coated cover glass (2 X
10" cells per 12 mm?). After 2 days of proper attachment and
growth, the cells were treated with Alexa488-conjugated nano-
particles. Cells were fixed with 2% PFA in 0.1 M PBS (pH 7.4) for
15 min. The following steps were the same as described in the
histochemistry procedure. For quantification of immunoreac-
tivity, stained sections from mice spinal cords were collected
and quantified using LSM 800 software.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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MTS assay

Mixed glial cells were grown on a 96-well plate with 3 x 10" cells
per well and treated with a cytotoxic reagent for 24 h. Then, 20 ul
of MTS reagent (Promega) was added directly into the cell
culture media and incubated at 37 °C for 1 h. Reduction of the
MTS tetrazolium compound by viable cells to generate the for-
mazan product, soluble in the serum-free media, was quantified
by measuring the absorbance at 492 nm using an EMax® Plus
Microplate Reader (Molecular Devices, San Jose, CA, USA).
Absorbance obtained from samples treated with cytotoxic
reagents was compared to absorbance in control samples to
obtain the percentage of cell viability.

Animals

Male C57BL/6 mice aged 7-10 weeks were purchased from DBL
(Eumsung, Korea) for experimental use. Four to five mice were
housed in a plastic cage with standard bedding. They had access
to food and water ad libitum. They were accommodated at
a constant room temperature of 23 °C &+ 2 °C and a 12 h dark/
light cycle. All animal procedures were performed in accor-
dance with the Guidelines for Care and Use of Laboratory
Animals of Seoul National University and approved by the
Animal Ethics Committee of the Seoul National University
Institutional Animal Care and Use Committee (SNU IACUC).

Intracranial injection

For administration of Alexa488-conjugated TGP, mice were
anesthetized and placed on a stereotaxic apparatus (myNeur-
oLab, St. Louis, MO, USA). The animals were injected with
saline or Alexa488-TGP/pGL3 nanoplexes at a rate of 0.5
pl min~?. After 5 min, the needle was removed in three inter-
mediate steps over 3 min to minimize backflow. The incision
was cleaned with saline and sutured, after which the animals
were kept on a warm pad during recovery.

Intrathecal injection

For administration of Alexa488-conjugated TGP, mice were
injected with avertin (2%) for anesthesia. After shaving the back
of the mice, Alexa488-TGP/pGL3 nanoplexes (5 pl) were injected
using a 10 ul Hamilton syringe (Hamilton Company, Reno, NV,
USA) with a 30-gauge one-half-inch needle into the subarach-
noid space; a slight tail-flick denoted proper administration of
the test compounds.

Statistical analysis

All data are presented as the mean value with standard error of
the mean (SEM). Differences between groups were determined
by one-way ANOVA with a Newman-Keuls multiple comparison
test. Our threshold for statistical significance was p <0.05.

Results and discussion
Synthesis scheme & NMR analysis

The novel PEA was synthesized from the nucleophilic addition
reaction of amines and acrylate monomers under specific

© 2021 The Author(s). Published by the Royal Society of Chemistry
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experimental conditions. The preparation of TGP proceeds
through formation of an ester bond via the Michael addition
reaction between the amine groups of PEI and the dimetha-
crylate groups of TG. The schematic illustration of the TGP
synthesis reaction is shown in Fig. 1. The synthesis was
confirmed using "H NMR spectroscopy. For comparison, the 'H
NMR spectra of LMW PEI (1.2 kDa) and TG were analyzed. The
intense peaks at 2.5-2.8 ppm (-NHCH,) represent protons in
the amine groups of PEI, and 5.8-6.5 ppm peaks (-C(CH3)R=
CH,) are associated with the dimethacrylate proton signals of
TG.**** When PEI was crosslinked with TG, 'H NMR showed
absence of the dimethacrylate proton peaks of TG, indicating
successful copolymerization between the two compounds.
Additionally, the '"H NMR spectrum of the ester bond (-OCH,)
and 1’-alkyl (-CH3) and 3'-alkyl (-CH) groups showed signals at
3.6-3.7 ppm, 1.1-1.2 ppm, and 1.5 ppm, respectively (Fig. S11).
The composition and proportions of TG and PEI were calculated
using "H NMR data as 32 and 68 mol%, respectively. Moreover,
the final molecular weight of TGP was measured by gel
permeation chromatography (GPC) to reveal an M,, of 1777 Da
and a polydispersity index (M,/M,) of 1.02 relative to poly-
ethylene glycol (PEG) standards (Table S17).

Physiochemical properties of TGP nanoplexes

Controlling the morphology, size, and zeta potential of the
nanoparticle with the ability to condense DNA into compact
particles is an essential factor in transfection efficiency, cellular
uptake, and toxicity.** Since hyper-branched PEI contain a high
concentration of amine groups, we assumed that TGP could
easily interact with DNA and condense it into compact particles.
Representative TEM pictures of the self-assembled TGP copol-
ymers with DNA at N/P 20 are shown in Fig. 2C and S2.1 In DLS
analysis of size distribution, the average size of TGP/DNA
complexes was about 150 nm. This result was consistent with
that measured by DLS, as shown in Fig. 2A. Interestingly, the
average surface charge of the TGP/pGL3 nanoplexes also
depends on the N/P ratio. As depicted in Fig. 2B, the surface

H;N
o
e o) = [o) I + . N
(o] H’2 1in
Triethylene glycol Dimethacrylate BPEI (1.2kDa)

Anhydrous Methanol,

Michael addition 60°C,24 h

L m2 1 _in

Triethylene glycol Dimethacrylate-BPEI (TGP)

Fig.1 Schematic illustration of TGP synthesis.
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Fig. 2 Physicochemical characterization of TGP nanoplexes. (A) and
(B) Size and zeta-potential of TGP/pGL3 were analyzed using DLS at N/
P ratios of 5, 10, 20, and 30. (C) TEM image showing the morphology of
TGP/pGL3 nanoplexes stained with 2% aqueous uranyl acetate (scale
bar: 200 nm). (D) Gel retardation assay of TGP/pGL3 nanoplexes
prepared at various N/P ratios from 5 to 30.

charge was decreased from +16 to —0.2 mV when the N/P ratio
was increased from 5 to 30. As the PEG part of TGP masks the
positive charge of PEI (shielding effect),* it is assumed that the
surface charge decreases as the N/P ratio increases. These
results suggest that TGP/DNA nanoplexes show a promising
delivery system even at a high N/P ratio, which results in an
optimal size and surface charge ideal for cellular uptake in
primary mixed glia.*** Nanoplex formation and subsequent
release of DNA from the nanoplex were studied using the gel
retardation assay. To evaluate the DNA compression ability of
the polymer, we performed a gel retardation assay. TGP effi-
ciently and stably condensed DNA (pGL3) at all N/P ratios from
1 to 30. As shown in Fig. 2D, the mobility of nanoplexes was
blocked in the agarose gel at an N/P ratio 1 or greater by perfect
condensation with DNA.

Transfection efficiency and cytotoxicity of TGP/pGL3

The cytotoxicity of TGP/pGL3 was evaluated using the MTS assay
in primary mixed glia. High-molecular weight PEIs are the “gold
standard” in gene delivery. However, they have high toxicity due
to damage to the cell membrane via aggregation on the cell
surface.**®” To minimize the cytotoxicity of the polymer, we
used LMW BPEI (1.2 kDa) instead of the high-MW counterpart.
Since cross-linked branched PEI with TG have degradable ester
linkages, they undergo hydrolysis at intracellular pH, leading to
formation of nontoxic building blocks.?*-***® Fig. 3A shows that
TGP nanoparticles did not show apparent cytotoxicity (average
of cell viability of 100%) at N/P ratios of 5 and 10 and exhibited
remarkably lower cytotoxicity than PEI (25 kDa, PEI-25K)/pGL3
even at a high dose. TGP/pGL3 nanoplexes showed approxi-
mately 70-100% cell viability, which decreased by 25-68% when
PEI-25K was used. To compare the in vitro transfection ability of
TGP and PEI-25K at various N/P ratios, we transfected primary
mixed glia with 0.5 pug of pGL3 complexed with TGP, PEI-25K,
and lipofector-EZ as controls. Compared to PEI-25K/pGL3,
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Fig. 3 Effects on cell viability and transfection efficiency of TGP/pGL3
in primary mixed glia. (A) Cell viability was determined after incubation
with TGP/pGL3 at N/P ratios from 5 to 30 for 24 h by MTS assay. PEI-
25K/pGL3 was used as a control. (B) Transfection efficiency of the
TGP/pGL3 nanoplex in primary mixed glia was evaluated by luciferase
assay. Cells were transfected with TG/pGL3 with N/P ratios of 5, 10, 20,
and 30; after 24 h, luciferase activity was measured. (C) Effect of
bafilomycin Al on the proton sponge effect of TGP/pGL3 and PEI/
pGL3 nanoplexes. (n = 3, error bar represents standard deviation; *p
<0.1, **p <0.05, ***p <0.01, one-way ANOVA compared to that of PEI/
pGL3 nanoplexes and control (NT)).

TGP/pGL3 nanoplexes exhibited significantly higher trans-
fection efficacy at N/P ratios of 20 and 30 by 188- and 252-fold,
respectively. Comparable transfection efficiency was observed
in the presence of serum (Fig. S3t). Interestingly, the DNA
delivery capacity of PEI-25K/pGL3 decreased with increasing N/
P ratio because of their non-biodegradability, leading to cyto-
toxicity. At an N/P ratio of 30, the transfection efficiency of TGP/
pGL3 was approximately 7-fold higher than that of lipofector-
EZ, a widely used commercial transfecting agent (Fig. 3B).
These data imply that the hydrophobic parts [(-CH,CH,0-),] in
TGP improved cellular uptake through hydrophobic interac-
tions with the cell membrane.?**

We attributed the high transfection efficiency of TGP to the
proton sponge effect of the PEI backbone in TGP. To evaluate
the proton sponge effect of TGP,*****° we pre-treated primary
mixed glia with bafilomycin A1, a specific vacuolar-type H"
ATPase inhibitor, and then transfected TGP/pGL3 nanoplexes at
an N/P ratio of 20. The result indicated that the transfection
efficiency of TGP/pGL3 and PEI-25K/pGL3 complexes was
significantly decreased by 365-fold and 3-fold, respectively,
compared to controls, as shown in Fig. 3C. Interestingly,
endosomal release of TGP was significantly affected by H"
ATPase inhibitor, more so than by PEI. This result indicates that
TGP produces the proton sponge effect and can serve as an
efficient DNA transfer vector by preventing lysosomal
degradation.>***

In vitro microglia uptake of TGP in primary microglia

To visualize microglial targeting of TGP by fluorescent micros-
copy, we prepared Alexa488-conjugated TGP (Alexa488-TGP)
and Alexa546-conjugated pGL3 DNA (Alexa546-pGL3). Using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Uptake kinetics and DNA delivery of TGP in primary pure

microglia. Primary pure microglial cells were transfected with
Alexa488-TGP/pGL3 or TGP/Alexa546-pGL3 nanoplexes. After 5 and
24 h of transfection, live cells were stained with Hoechst (blue).

these fluorescent molecules, we synthesized two fluorescent
nanoplexes, Alexa488-TGP/pGL3 and TGP/Alexa546-pGL3.
Primary pure microglia were transfected with 0.5 pg of the
fluorescent-conjugated TGP/pGL3 nanoplexes at an N/P ratio of
20, and live-cell images were produced for 5 and 24 h to deter-
mine the uptake kinetics. Hoechst staining was performed to
assess the nuclei of live cells. The fluorescence signal of
Alexa546-conjugated pGL3 (red dot) was detected around the
nucleus at 5 h (Fig. 4, left panel). A denser signal was detected
near the nucleus at 24 h and even inside the nucleus (Fig. 4,
arrows) indicating localization of pGL3 DNA in the nucleus.
Also, green dots representing Alexa488-conjugated TGP were
observed near the nucleus both at 5 and 24 h and are com-
partmented near a Hoechst signal at 24 h (Fig. 4, right panel).
These data indicate that TGP/pGL3 nanoplexes were taken up by
microglia in 5 h. Then, the DNA were released from the nano-
plexes, which can localize at the nucleus in 24 h. These results
imply that TGP/pGL3 nanoplexes can deliver to the DNA
microglial nucleus within 24 h.

Cell type-specificity of TGP in primary mixed glial cells in vitro

To investigate the cell type-specific targeting of TGP, we treated
primary mixed glia consisting of around 80% astrocytes and
20% microglia, which is similar to an in vivo environment,*
with Alexa488-TGP/pGL3 nanoplexes. Immunocytochemistry
using ionized calcium-binding adaptor molecule 1 (Iba-1) and
glial fibrillary acidic protein (GFAP) antibody as markers for
microglia and astrocytes, respectively, showed Alexa488 signal
in both cell types at 5 and 24 h (Fig. 5A), indicating that both
microglia and astrocytes can uptake TGP/pGL3 in vitro. We also
measured the intensity of Alexa488-TGP fluorescent signal in
each cell by flow cytometry using cluster of differentiation
molecule 11b (CD11b) and astrocyte cell surface antigen-2
(ACSA-2) antibody as markers for microglia and astrocytes,
respectively (Fig. 5B). At four N/P ratios, CD11b-positive
microglia showed higher uptake efficiency than astrocytes at
each N/P ratio at both 1 and 5 h time points. The mean fluo-
rescence intensity (MFI) of CD11b-positive microglia was 3387,
4196, 2888, and 3264 at N/P 5, 10, 20, and 30, respectively, at 1 h
and 7106, 10 186, 6601, and 7656 at 5 h. Meanwhile, the MFI of
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Fig. 5 Uptake kinetics and efficiency of Alexa488-TGP in primary
mixed glia. (A) Primary mixed glial cells were transfected with 0.5 pg of
Alexa488-TGP/pGL3. After 5 and 24 h of transfection, cells were
immunostained for Iba-1 or GFAP. (B) Primary glial cells (5 x 10° cells
per well in 6-well plate) were transfected with 0.5 ng of Alexa488-
TGP/pGL3, stained with APC-conjugated anti-CD11b and PE-conju-
gated anti-ACSA-2, and analyzed with a flow cytometer (n = 3 per
each group). Representative data (mean + SEM) are shown (*p <0.05,
**p <0.01, ***p <0.001).

ACSA-2-positive astrocytes was 1112, 1871, 1766, and 1653 in
each N/P ratio at 1 h and 2681, 4443, 3911, and 3916 at 5 h,
which was much lower than that of CD11b-positive cells. These
data suggest that, even though Alexa488-TGP/pGL3 nanoplexes
can be taken up by both microglia and astrocytes, it has better
targeting-specificity to microglia in vitro.

Microglia-specific targeting of Alexa488-TGP/pGL3 nanoplexes
in vivo

We tested the targeting specificity of TGP nanoplexes in vivo. It
has been long sought after to deliver drugs or genes to spinal
cord microglia to modulate neurological diseases such as
multiple sclerosis**** and neuropathic pain.'»* Therefore,
using Alexa488-TGP/pGL3, we first investigated whether the
nanoplexes have cell-type specificity for spinal microglia in vivo.
Alexa488-TGP/pGL3 (0.1 pg) nanoplexes were administered
intrathecally into the mouse spinal canal, which was analyzed
via immunohistochemistry at 24 h after injection. The lumbar
segment 4-6 (L4-L6) tissue samples were immunostained with
cell type-specific antibodies, and localization of the Alexa488
signal was assessed. Unlike in vitro data, the Alexa488 signal
mainly co-localized with Iba-1-positive microglia but not with
GFAP-positive astrocytes or microtubule-associated protein 2
(MAP-2)-positive neurons (Fig. 6A). For further conformation,
Alexa488-positive cell types in the spinal cord tissue were
analyzed by flow cytometry 24 h after nanoplex administration.
Alexa488-positive signal was detected in 48.1, 79.2, 80.8, and
87.4% of CD11b-positive microglia in cervical, thoracic, lumbar,
and sacral regions of the spine, respectively. Meanwhile, they
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Fig. 6 Spinal cord regional delivery of Alexa488-TGP/pGL3. Mice received 0.1 png of Alexa488-TGP/pGL3 by i.t. injection. (A) After one day,

lumbar 4-6 spinal cord sections were stained with lba-1, GFAP, and MAP-2 antibodies. Alexa488 signals were detected in |ba-1 positive cells
(arrows). (B) After 24 h of Alexa488-TGP/pGL3 i.t. injection, cells of four regions of the spinal cord were isolated. Cells were stained with APC-
conjugated anti-CD11b, PE-conjugated anti-ACSA-2, and anti-Thy-1.2 antibodies and analyzed using flow cytometry. (C) Representative
histogram. Alexa488 signals were detected by flow cytometry and Alexa488-positive cells were gated. (D) Quantification graphs of Alexa488-
positive cell population and mean fluorescence intensity. Representative data (mean + SEM) are shown (¥*p < 0.01, ***p < 0.001).

were detected in only 1.8, 4.0, 6.4, and 30.0% of ACSA-2-positive
astrocytes (Fig. 6D). A much lower proportion was detected in
Thy-1 positive neurons (Fig. 6D). Taken together, these data
demonstrate that Alexa488-TGP/pGL3 nanoplexes are mainly
targeted to microglia in the spinal cord in vivo, especially in the
cervical, thoracic, and lumbar regions. Although Alexa488
signal was present in 30% and 13% of astrocytes and neurons,
respectively, in the sacral region near which the intrathecal
injection was introduced, the percentage of Alexa488-positive
population was much lower than that of microglia (80%). In
addition, the mean fluorescent intensities of Alexa488 signal in
astrocytes or neurons were less than 10% that of microglia,
indicating that the amount of Alexa488-TGP/pGL3 nanoplex
uptake by each astrocyte or neuron was much lower than that of
microglia (Fig. 6D). In this regard, our data suggest that TGP
nanoparticles can be utilized as a microglia-specific gene carrier
for neurological diseases involving aberrant microglia function
in the spinal cord.

We also tested the cell type specificity of TGP in the brain.
For this, 0.1 pg of nanoplexes was injected intracranially into
the mouse hippocampus, and, after 24 h, the brain slices
(bregma —2.18 mm) were analyzed via IHC. Alexa488-positive
signal (green dot) was co-localized mostly with Iba-1-positive
microglia but not with GFAP-positive astrocytes or NeuN-
positive neurons (Fig. 7A). In flow cytometry analysis,
Alexa488 fluorescent signal was detected in 12.5% of the CD11b-
positive microglia population but in only 0.4% of ACSA-2-
positive astrocytes and 0.2% of Thy-1-positive neurons
(Fig. 7B-D). These data show that Alexa488-TGP/pGL3 nano-
plexes have far greater microglia-targeting specificity in the
central nervous system in vivo than in vitro. It is well known that
astrocytes in primary culture manifest more highly activated
phenotypes compared to cells in vivo,* which might be

36798 | RSC Adv, 2021, N, 36792-36800

underlying the difference in targeting efficacy of the TGP
nanoplexes to astrocytes in vitro vs. in vivo. Despite such a slight
difference of specificity between in vitro and in vivo experi-
mentation, our data show that TGP specifically and efficiently
delivers genes to microglia in vivo and can be utilized as
a nanocarrier for gene delivery targeting microglia in vivo.
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Fig. 7 Brain microglia-specific delivery of Alexa488-TGP/pGL3. 0.1 ug
of Alexa488-TGP/pGL3 was injected intracranially into the hippo-
campus (coordination ML —1.5 mm, AP +2.18 mm, DV +1.76 mm). (A)
Brain slices were stained with Iba-1, GFAP, and NeuN antibodies.
Alexa488 signals were detected in Iba-1-positive cells. Scale bar 50
um. (B) 24 h after Alexa488-TGP/pGL3 nanoplex administration, intact
hippocampus cells were isolated and stained with APC-conjugated
anti-CD11b, PE-conjugated anti-ACSA-2, and anti-Thy-1.2 antibodies
and analyzed using flow cytometry. The Alexa488-positive population
was gated for each cell type. Data are expressed as mean = SEM (n =3
per each group, *p <0.05).
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Conclusions

An effective cell-type-specific non-viral vector system is of crit-
ical importance for gene therapy for CNS diseases. For
microglia-specific gene delivery, we synthesized TGP nano-
molecules by conjugating TG and LMW-PEL The nanoscale
TGP/DNA nanoplexes (<200 nm) were quickly internalized by
microglia and avoid lysosomal degradation by the proton
sponge effect. In comparison to PEI, TGP showed better trans-
fection efficiency with low cytotoxicity. We showed that TGP
could localize inside primary microglia within 5 h, and DNA can
enter the nucleus within 24 h. In mixed glia culture, TGP/pGL3
are taken up by microglia rather than by astrocytes. In vivo, TGP/
pPGL3 are taken up mostly by microglia in the spinal cord and
hippocampus, demonstrating that TGP can be a novel
microglia-specific gene delivery system. Given the pivotal role of
microglia in regulating neurological disorders, TGP can be of
instrumental importance to regulate microglia-specific in vivo
function, which might have a clinical implication for neurode-
generative diseases and neuropathic pain, in which aberrant
microglia dysfunction is involved.
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