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Abstract: A gene drug delivery system for glioma therapy based on transferrin (Tf)-modified
polyamidoamine dendrimer (PAMAM) was prepared. Gene drug, tumor necrosis factor-related
apoptosis-inducing ligand (hnTRAIL)-encoding plasmid open reading frame (pORF-hTRAIL,
Trail), was condensed by Tf-modified PAMAM to form nanoparticles (NPs). PAMAM-PEG-T{/
DNA NPs showed higher cellular uptake, in vitro gene expression, and cytotoxicity than
PAMAM-PEG/DNA NPs in C6 cells. The in vivo targeting efficacy of NPs was visualized by
ex vivo fluorescence imaging. Tf-modified NPs showed obvious glioma-targeting trend. Plas-
mid encoding green fluorescence protein (GFP) was also condensed by modified or unmodified
PAMAM to evaluate the in vivo gene expression level. The PAMAM-PEG-T{/plasmid encod-
ing enhanced green fluorescence protein (pEGFP) NPs exhibited higher GFP expression level
than PAMAM-PEG/pEGFP NPs. TUNEL assay revealed that Tf-modified NPs could induce
much more tumor apoptosis. The median survival time of PAMAM-PEG-T{/Trail-treated rats
(28.5 days) was longer than that of rats treated with PAMAM-PEG/Trail (25.5 days), temozo-
lomide (24.5 days), PAMAM-PEG-Tf/pEGFP (19 days), or saline (17 days). The therapeutic
effect was further confirmed by magnetic resonance imaging. This study demonstrated that
targeting gene delivery system had potential application for the treatment of glioma.
Keywords: gene therapy, BBB, hTRAIL, PAMAM, C6 glioma

Introduction

Malignant gliomas, which have higher morbidity among brain tumors of adults,
have a median survival time of approximately 12—15 months.! The prognosis of this
brain tumor remains poor due to the insufficient response to the available treatments,
including surgical intervention, radiation, and chemotherapy.? One of the obstacles
for glioma therapies is the infiltrative nature of glioma cells, which could invade into
normal brain parenchyma. Due to the importance of normal brain function, excessive
surgical resection is restricted which could lead to residual of tumor cells.>* Another
obstacle is the non-specificity of adjuvant treatment modalities including radiotherapy
and chemotherapy, which cannot specifically reach the widely spread tumor cells.
These modalities are also related to toxicities in terms of both systemic illness and
cognitive impairment.’ Thus, new approaches are critical to be developed to treat this
devastating disease with reduced side effects.

The tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) could
induce apoptosis via the p53-independent pathway by binding to the death receptors
4 (TRAIL-R1) and 5 (TRAIL-R2/KILLER) at the cell surface.® The specificity of
cytotoxicity could be achieved by the differences of receptor expressions. On one
hand, many glioma cells express the agonist TRAIL receptors with no or undetect-
able levels of the antagonist receptors.” On the other hand, normal cells also express
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antagonist TRAIL receptors.®’ Therefore, TRAIL protein
may allow killing tumor cells alone without affecting the
normal brain cells. TRAIL protein has been reported to
induce tumor regression in a glioma xenograft model via
intravenous administration.'®'! However, some disadvan-
tages, including the short half-life, immunogenicity, and
enzymolysis, limit the usage of protein drugs. Gene therapy
with genes encoding therapeutic proteins like TRAIL may
offer therapeutic promise including long-lasting expression
of therapeutic proteins.

Due to the invasive nature, tumor cells could penetrate
into normal brain tissue. The tumor vasculatures in the infil-
trated region possess some features of normal brain including
blood-brain barrier (BBB).!>'* Gene drugs cannot reach
these tumor regions due to the impermeability of BBB to
the large molecules.”'® Therefore, there is an urgent need
for developing smart carriers for gene delivery targeting
glioma. Learning from the nature, many specific receptors
including transferrin (Tf) receptor and insulin receptor are
overexpressed on BBB that can potentially be utilized for
facilitating brain targeting.!”?! Among these receptors, Tf
receptor is a very promising one because of the restricted
expression in brain capillaries than other tissues.?? Besides,
the expression level of Tf receptor on tumor cells is much
higher than that of normal cells.”* Thus, Tf is selected as
the glioma-targeting ligand.

Non-viral vectors have been used to deliver therapeutic
genes into the brain with higher safety. Among the vectors
reported, polyamidoamine dendrimer (PAMAM) has proven
to be a promising gene carrier.”> PAMAM-PEG-Tf has been
successfully synthesized previously and showed great brain-
targeting efficiency.?® Besides, it has been reported that Tf-
conjugated polymersomes achieved preferential C6 glioma
targeting in vivo and Tf-modified cisplatin liposome were
identified to accumulate in malignant glioma cells in bEnd3/
C6 co-culture BBB models.?"

In this study, hTRAIL-encoding plasmid (pORF-
hTRAIL, Trail) was selected as the therapeutic gene for
glioma treatment. PAMAM-PEG-Tf was synthesized, and
incorporated with pORF-hTRAIL to form nanoparticles
(NPs). The antitumor effect of the NPs was evaluated in C6
glioma tumors-bearing Sprague Dawley (SD) rats.

Materials and methods

The plasmids encoding enhanced green fluorescence protein
N2 (pEGFP-N2; Clontech, Palo Alto, CA, USA) and pORF-
hTRAIL (Invitrogen, San Diego, CA, USA) were purified
by QIAGEN Plasmid Mega Kit (Qiagen GmbH, Hilden,

Germany). Human holo-Tf and methyl green were purchased
from Sigma-Aldrich (St Louis, MO, USA). PAMAM G5
dendrimer was purchased from Dendritech, Inc (Midland,
MI, USA). A-Maleimidyl-u-N-hydroxysuccinimidyl poly-
ethyleneglycol (NHS-PEG-MAL, molecular weight 3,500)
was obtained from Jenkem Technology (Beijing, People’s
Republic of China). 4,6-diamidino-2-phenylindole (DAPI)
and ethidium monoazide bromide (EMA) were purchased
from Molecular Probes (Eugene, OR, USA).

Male SD rats (4-5 weeks) of 200-220 g body weight
were purchased from Sino-British SIPPR/BK Lab Animal
Ltd. (Shanghai, People’s Republic of China) and maintained
under standard housing conditions. All animal experimental
protocols were in accordance with guidelines evaluated and
approved by the ethics committee of Zhejiang University.

The rat C6 glioma cell line was kindly provided by Prof
Feng L (Institute of Neuroscience, Shanghai Institutes for
Biological Sciences). In addition, this cell line was purchased
from Shanghai Cell Bank, Chinese Academy of Medical
Sciences, Beijing, People’s Republic of China. C6 cells were
expanded and maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% heat-inactivated
fetal calf serum, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin and cultured at 37°C under a humidified atmosphere
containing 5% CO,.

Synthesis of PAMAM derivatives

Synthesis of PAMAM derivate was carried out as previously
reported.” In brief, PAMAM was reacted with NHS-PEG-
MAL at amole ratio of 1:2 in phosphate-buffered saline (PBS)
pH 8.0 for 2 hours at room temperature (RT). The primary
amino groups of PAMAM were specifically reacted with NHS
groups of NHS-PEG-MAL. The resulting conjugate, PAMAM-
PEG-MAL, was purified by ultrafiltration (cutoff: 5 kDa) and
the solution was changed to PBS 7.0. Tf was thiolated by the
Traut’s reagent, and the extent of thiolation was analyzed by
the Ellmann’s reagent. Then PAMAM-PEG-MAL was reacted
with Tf at a mole ratio of 1:1 in PBS 7.0 for 24 hours at RT.
The MAL groups of PAMAM-PEG-MAL were specifically
reacted with thiol groups of Tf. Theoretically, there are totally
128 free amine groups in G5 PAMAM and two of them were
modified with polyethyleneglycol (PEG). One molecular Tf
was attached to the end of one PEG.

Preparation and characterization of

dendrimers/DNA NPs
Dendrimers (PAMAM-PEG-T{) were diluted to desired con-
centrations in PBS 7.4. DNA solution was added to obtain
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appropriate weight ratios (0.1:1, 0.5:1, 1:1, 3:1, PAMAM
to pPORF-hTRAIL) and then vortexed for 30 seconds at RT.
Agarose gel electrophoresis was performed to evaluate the retar-
dation of DNA in the NPs. Freshly prepared NPs with weight
ratio of 3:1 were used in the subsequent experiments. The mor-
phology of NPs was examined under a transmission electron
microscope (TEM) (JEM-2010, JEOL, Tokyo, Japan).

Cellular uptake of NPs in C6 cells
Plasmid DNA (pORF-hTRAIL) was covalently labeled
with a fluorescent dye, EMA. Fresh plasmid DNA solution
(0.1 mg/mL) and EMA (1 mg/mL) were incubated at equal
volume for 0.5 hour in the dark. The complex was then
exposed to ultraviolet (UV) light (365 nm) for 1 hour. The
resulting solution was precipitated by adding ethanol to a final
concentration of 30% (v/v). The precipitate was collected and
dissolved in 50 mM sodium sulfate solution. This EMA-DNA
solution was used to prepare the NPs as described earlier.
Co6 cells were seeded at a density of 5x10°/well in 24-well
plates (Corning-Coaster, Tokyo, Japan), incubated for
48 hours, and checked under the microscope for morphology.
When reaching 90% confluence, cells were incubated with
naked DNA (EMA-labeled pPORF-hTRAIL, Trail), PAMAM-
PEG/Trail, and PAMAM-PEG-Tf/Trail at a dose of 5 pg/well
DNA. After 2-hour incubation, the medium was removed, and
the cells were washed twice with PBS. Then, the cells were
visualized and imaged using a fluorescence microscope.

In vitro gene expression

C6 cells were seeded at a density of 5x10%well in 24-well
plates, incubated for 24 hours, and checked under the micro-
scope for morphology. When reaching 60% confluence,
cells were incubated with PBS, naked DNA (pEGFP-N2),
PAMAM-PEG/pEGFP, and PAMAM-PEG-T{/pEGFP at a
dose of 5 ug/well DNA. After 2-hour incubation, the medium
was removed, and the cells were washed twice with PBS.
After incubation for another 48 hours, cells were washed and
imaged using a fluorescence microscope.

In vitro cell apoptosis

C6 cells were seeded at a density of 1x10%well in six-well
plates, incubated for 24 hours, and checked under the micro-
scope for morphology. When reaching 60% confluence, cells
were incubated with PBS, naked DNA (Trail), PAMAM-
PEG/Trail, and PAMAM-PEG-T{/Trail at a dose of 10 pg/
well DNA. After 2-hour incubation, cells were washed and
further cultured in DMEM medium containing 10% fetal
bovine serum for 48 hours. Then, the cells were incubated

with Annexin V-fluorescein isothiocyanate (FITC) Apoptosis
Detection Kit following the manufacturer’s protocol (Key-
GEN, Nanjing, People’s Republic of China). Briefly, the col-
lected cells were washed twice with PBS and incubated with
Annexin V-FITC and propidium iodide for 15 minutes in the
dark at RT. The cells were washed twice and then analyzed
within 60 minutes by flow cytometry (BD FACSCalibur™;
BD Biosciences, San Jose, CA, USA).

In vivo distribution of NPs in Cé glioma

xenografted SD rat brain

C6 model: C6 cells (1x10° per well) were cultured in petri
dish until 90% confluence was reached. Cells (2x10%5 uL
in PBS) were implanted into the right striatum (3 mm lateral,
1 mm before the bregma, and 5 mm of depth) of SD rats by
using a stereotactic fixation device with a rat adaptor. Eight
days after implantation, rats received PAMAM-PEG/Trail and
PAMAM-PEG-T{/Trail NPs via the tail vein at a dose of 200
ug pDNA/rat, and 2 hours later were anesthetized with diethyl
ether and killed by decapitation. Distribution of NPs in brain
was investigated using Maestro™ (PerkinElmer Inc., Waltham,
MA, USA) 2 in vivo imaging system 2 hours after injection.

Qualitative evaluation of in vivo gene

expression

The PAMAM-PEG/pEGFP and PAMAM-PEG-T{/pEGFP
NPs (10:1, PAMAM to DNA, w/w) were injected into the
tail vein of rats at a dose of 200 mg DNA/rat 10 days after
C6 implantation. After 48 hours, animals were anesthetized
with 10% chloral hydrate and sacrificed by the perfusion
of saline and 4% paraformaldehyde. The brains were fixed
in 4% paraformaldehyde and dehydrated in 15% and 30%
sucrose solution. Frozen sections of rat gliomas with 20 um
thickness were prepared with a cryotome Cryostat (Leica,
CM 1900, Leica Microsystems, Wetzlar, Germany) and
stained with 300 nM DAPI for 15 minutes at RT. After
washing twice with PBS, the sections were examined under
the fluorescence microscope.

Immunohistochemistry of apoptosis

markers

Atday 8, 10, 12, 14, and 16 after implantation, rats received
PAMAM-PEG/Trail, PAMAM-PEG-T{/pEGFP, PAMAM-
PEG-Tf/Trail NPs, or saline (control) via intravenous at a
dose of 200 g DNA/rat. Temozolomide was administrated
via intragastric administration at day 8, 9, 10, 11, and 12 (one
course of treatment). At day 18 after implantation, rats were
sacrificed and used to prepare brain glioma frozen sections
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(20 um) as described earlier. Terminal deoxynucleotidyl
transferase-Biotin-dUTP nick end labeling (TUNEL) was
used to detect apoptosis.

Therapeutic effect evaluation by survival
monitoring and MRI imaging

After the same treatment course as described earlier, the
survival of rats was monitored every day (n=10). Magnetic
resonance imaging (MRI) was performed using a Bruker
Biospec 4.7 T/30 cm scanner as previously suggested.?
Imaging was performed using a custom-built 50 mm diameter
send-receive birdcage volume coil. Gradients were 12 cm
diameter at 25 G/cm. Heartbeat rates were monitored so as
to keep it at 60—120 times per minute by adjusting the ratio
of isoflurane/oxygen. T,-weighted images were performed
with the following parameters: slice thickness =1.00 mm,
FOV (field of view) =2 cm X2 c¢m, echo time =11 ms, rep-
etition time =3,000 ms, number of averages =8, and matrix
size =128%128. MRI was acquired before and after the same
therapeutic regimen mentioned earlier.

Results

Preparation of dendrimers/DNA NPs

The ability of PAMAM-PEG-Tfto condense DNA was evalu-
ated by electrophoretic analysis at different weight ratios.
Complete retardation was achieved at the weight ratio of
3:1 (Figure 1A). This formulation was used in the following
studies. The TEM results showed a narrow size distribution
of NPs and the average diameter was 119413 nm, data is
presented as mean + standard deviation (Figure 1B).

Cellular uptakes of NPs

Trail was previously labeled with EMA for intracellular
tracking. The cellular uptake of naked Trail, PAMAM-
PEG/Trail, and PAMAM-PEG-Tf/Trail into C6 cells was
compared by fluorescent imaging (Figure 2). Because of the
negative charge, naked Trail showed little uptake into cells.
When condensed into NPs, the cellular uptake was greatly
increased. Besides, targeting NPs PAMAM-PEG-T{/Trail
exhibited significantly higher uptake than non-targeting NPs
PAMAM-PEG/Trail. Tf conjugation facilitated the cellular
uptake of NPs in a specific manner.

In vitro gene expression

The expression of pEGFP was utilized to demonstrate the
transfection efficiency of NPs. Due to the poor cellular uptake,
naked pEGFP-treated cells showed little green fluorescence
protein (GFP) expression as the blank control (Figure 3A
and B). NP-treated cells had more GFP expression than naked
pEGFP-treated ones, which contributed to the condensation of
positively charged PAMAM (Figure 3C and D). Tf modification
further increased GFP expression due to the overexpression
of Tf receptors, which resulted in enhanced cellular uptake.

In vitro cell apoptosis

When the transfection efficiency was confirmed, the cell
apoptosis of NPs containing therapeutic gene was evaluated
by Annexin V-FITC staining. Annexin V-FITC could label
the membrane phospholipid phosphatidylserine, which is
translocated from the inner to the outer side of cell membranes
in early cell apoptosis. Propidium iodide is a molecular probe

Figure | Characterization of dendrimers/DNA NPs.

Notes: (A) Electrophoretic analysis of DNA binding assay with different weight ratios (PAMAM to DNA). |) DNA ladder, 2) naked DNA, 3) 0.1:1, 4) 0.5:1, 5) I:1, 6) 3:I.
(B) Transmission electron microscope (TEM) image of PAMAM-PEG-Tf/DNA NPs. Bar =100 nm.
Abbreviations: NP, nanoparticle; PAMAM, polyamidoamine dendrimer; PEG, polyethyleneglycol; Tf, transferrin.
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Control §

Naked Trail |

PAMAM-PEG/Trail

PAMAM-PEG-Tf/Trail ¢

Figure 2 Cellular uptake of NPs in Cé cells.

Notes: Naked Trail, PAMAM-PEG/Trail, and PAMAM-PEG-Tf/Trail were incubated for 2 hours and examined under the fluorescence microscope. Red signal was EMA-

labeled Trail.

Abbreviations: EMA, ethidium monoazide bromide; NP, nanoparticle; PAMAM, polyamidoamine dendrimer; PEG, polyethyleneglycol; Tf, transferrin.

that can penetrate through destructed membranes and label
nucleus.* UL stands for dead cells, UR for late apoptosis cells,
LL for live cells, and LR for early apoptotic cells. Naked Trail
induced total apoptosis rate (UR 4+ LR) similar to that of PBS-
treated group (Figure 4A and B). PAMAM-PEG/Trail-treated
group had a total apoptosis rate of 19.22% (Figure 4C). In
addition, PAMAM-PEG-T{/Trail induced most significant
cell apoptosis 0f40.24% (Figure 4D), which demonstrated the
superiority of dendrimer condensing and Tf modification.

In vivo distribution of NPs in Cé glioma-
bearing rat brain

C6 glioma-bearing rats were injected with PAMAM-PEG-T{/
EMA-labeled DNA NPs and PAMAM-PEG/DNA NPs.

Ex vivo fluorescent images of brain were taken 2 hours after
injection. EMA-labelled DNA was obviously accumulated
in the brain tumor, which treated with PAMAM-PEG-T{/
DNA NPs (Figure 5B and D), while that in the brain tumor
treated with PAMAM/DNA NPs was less concentrated
(Figure 5A and C).

Qualitative evaluation of in vivo gene

expression

GFP expression in the brain tumor was examined 48 hours
after administration (Figure 6). In PAMAM-PEG/pEGFP
NP-treated group, GFP was expressed near the margin of
the glioma region. In PAMAM-PEG-T{/pEGFP NP-treated
group, GFP was generally found both near the margin

Drug Design, Development and Therapy 2016:10
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Figure 3 In vitro gene expression of NPs in Cé cells.

Notes: PBS (A), naked pEGFP (B), PAMAM-PEG/pEGFP (C), and PAMAM-PEG-Tf/pEGFP (D) were incubated for 2 hours and the fluorescence images of GFP were taken

48 hours after incubation.

Abbreviations: NP, nanoparticle; PBS, phosphate-buffered saline; PAMAM, polyamidoamine dendrimer; PEG, polyethyleneglycol; pEGFP, plasmid encoding enhanced green

fluorescence protein; Tf, transferrin.

and inside of the tumor and was much more than that of
PAMAM-PEG/pEGFP NP-treated group.

Immunohistochemistry of apoptosis

markers

DNA fragmentation, a marker of late apoptosis, in nuclei of
tumor cells was detected in margin region (Figure 7A) and
central region (Figure 7B) using TUNEL assay. Virtually,
little apoptotic cells were detected after PAMAM-PEG-T{/
pEGFP NPs and saline treatments in neither margin nor
central region. PAMAM-PEG/Trail NPs and Temozolo-
mide showed comparable apoptosis levels in margin region,
but little tumor apoptosis was found in the central region.
PAMAM-PEG-T{/Trail NPs induced most tumor apopto-
sis in both two regions. This was consistent with the GFP
expression trend.

Therapeutic effect evaluation by survival
monitoring and MRI imaging

The antitumor effect of PAMAM-PEG-T{/Trail was also
reflected in the median survival time of rats bearing glioma

(Figure 8A). After one treatment course, the median survival
time of PAMAM-PEG-T{/Trail-treated rats (28.5 days) was
longer than that of rats treated with PAMAM-PEG/hTRAIL
(25.5 days), Temozolomide (24.5 days) PAMAM-PEG-Tf/
pEGFP (19 days), or saline (17 days).

The anti-tumor effect of PAMAM-PEG-T{/Trail was
also confirmed by MRI imaging (Figure 8§B). Tumor
volume of PAMAM-PEG-T{/hTRAIL-treated mice sig-
nificantly decreased, which then prolonged the median

survival time.

Discussion

Glioma is the most common malignant tumor of the central
nervous system. Patients with malignant glioma have a poor
prognosis due to the resistance to radiotherapy, chemother-
apy, or immunotherapy.?' The feature of invasive growing of
glioma made it impossible for surgical resection. Gene therapy
of Trail was proven to be a novel one.*?** We had successfully
synthesized the targeting dendrimer PAMAM-PEG-TTf for
efficient gene delivery into brain.?® It was demonstrated that
Tf receptors expressed on the BBB and especially on tumor
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Notes: C6 cells were treated with PBS (A), naked Trail (B), PAMAM-PEG/Trail (C), and PAMAM-PEG-Tf/Trail (D) for 2 hours and the apoptosis cells were labeled with
Annexin V-FITC Apoptosis Detection Kit 48 hours after incubation. The apoptosis rate was quantified by flow cytometry.
Abbreviations: PBS, phosphate-buffered saline; PAMAM, polyamidoamine dendrimer; PEG, polyethyleneglycol; Tf, transferrin; FITC, fluorescein isothiocyanate; UL, upper

left; UR, upper right; LL, lower left; LR, lower right.

cells.?33¢ Thus, this system was introduced to facilitate Trail
crossing the BBB and targeting to the tumor.

A fundamental requirement for successful gene delivery
was that dendrimer should be able to condense DNA effi-
ciently to form NPs at a rational ratio. NPs should possess
positive charge to enter the negatively charged cell mem-
brane easily. At the weight ratio of PAMAM to DNA (3:1),
PAMAM-PEG-Tfand DNA could form stable NPs with suit-
able size for enhanced permeability and retention (EPR) effect.
The following cellular uptake and in vitro gene expression
confirmed that PAMAM-PEG-Tf/DNA could enter the cells
efficiently and yield high GFP expression. Theologically, the

high PAMAM ratio could result in more stable NPs. However,
cytotoxicity increased along with the PAMAM concentra-
tion due to the presence of surface amine groups.’”* In the
dendrimer design strategy, PEG could not only serve as a
linker between PAMAM and Tf, but also reduce the toxicity
by consuming some surface amines groups. Furthermore,
PEG could provide a protective shell to avoid the reticulo-
endothelial system, thus improving the half-life of NPs. Taken
these together, 3:1 of PAMAM to DNA was optimized with
tolerable toxicity and applied in the whole studies.

The glioma-targeting efficiency was also evaluated
at the in vivo level. The fluorescent imaging showed that

Drug Design, Development and Therapy 2016:10
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Figure 5 In vivo distribution of NPs in Cé glioma model.

Notes: Fluorescent imaging of Cé glioma model administrated with PAMAM-PEG/Trail (A and C) or PAMAM-PEG-Tf/Trail (B and D). Images were taken 2 hours after
administration.

Abbreviations: NP, nanoparticle; PAMAM, polyamidoamine dendrimer; PEG, polyethyleneglycol; Tf, transferrin.

DAPI GFP Merge

PAMAM-PEG-Tf/[pEGFP PAMAM-PEG/pEGFP

Figure 6 Qualitative evaluation of in vivo gene expression.

Notes: Distribution of gene expression in Cé glioma-bearing rat brain treated with PAMAM-PEG/pEGFP and PAMAM-PEG-Tf/pEGFP 48 hours after intravenous administration.
Frozen sections (20 um thick) were examined by fluorescent microscopy. The sections were stained with 300 nM DAPI for |5 minutes at room temperature. Blue: cell nuclei,
green: GFP. Inside the white plot shows glioma region.

Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; PAMAM, polyamidoamine dendrimer; pEGFP, plasmid encoding enhanced green fluorescence protein; PEG,
polyethyleneglycol; Tf, transferrin.
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A

Figure 7 In vivo tumor apoptosis detection.

Notes: Effects of Saline, PAMAM-PEG-Tf/pEGFP, Temozolomide, PAMAM-PEG/Trail, and PAMAM-PEG-Tf/Trail treatments on apoptosis of Cé brain tumors in margin region
(A) and central region (B). At day |8 after implantation, rats were sacrificed for immunohistochemistry. Frozen sections of brain tumors were immunostained for the presence
of DNA fragments (TUNEL). Slides were developed with DAB and counterstained with methyl green. Blue lines stand for the edge of tumor. Red arrows disclosed apoptosis.

Insets present the enlarged apoptosis areas.

Abbreviations: PAMAM, polyamidoamine dendrimer; PEG, polyethyleneglycol; pEGFP, plasmid encoding enhanced green fluorescence protein; Tf, transferrin; TUNEL,
terminal deoxynucleotidyl transferase-Biotin-dUTP nick end labeling; DAB, diaminobenzidine.

PAMAM-PEG-T{/DNA NPs were more concentrated in
glioma-bearing model than PAMAM-PEG/DNA NPs.
PAMAM-PEG/DNA NPs could accumulate in tumor via EPR
effects.*! Whereas, PAMAM-PEG-T{/DNA NPs could also
accumulate in tumor via the receptor-mediated mechanism.
The result of the following in vivo gene expression study was
consistent with the aforementioned results. Tf-modified NPs
expressed more GFP in tumor. The defective vascular architec-
ture near the tumor margin was created due to the rapid vascu-
larization necessary to serve fast-growing and invasive glioma.

Thus, GFP expression of unmodified NPs, which was affected
only by EPR effect, was found near the tumor margin. The
distribution of Tf-modified NPs was affected by both EPR
effect and Tfreceptor. Thus, GFP expression can be also found
in the inner tumor region. This demonstrated the targeting
efficacy and superiority of PAMAM-PEG-Tf. The follow-
ing investigation provided more evidence of this hypothesis.
TUNEL assay results had the same trend with GFP expression
that Tf-modified NPs had more apoptosis cells in both margin
and central regions. Temozolomide, a commercial superiority
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Figure 8 Therapeutic effect evaluation.

Notes: (A) Kaplan—Meier survival curve of Cé glioma-bearing rats received treatments of Saline, PAMAM-PEG-Tf/pEGFP, Temozolomide, PAMAM-PEG/Trail, and PAMAM-
PEG-Tf/Trail, n=10. (B) MRI imaging of Cé-bearing rat brain before and after PAMAM-PEG-Tf/Trail treatments at day 8, 10, 12, 14, and 16 after implantation. Red arrows

indicated the tumor region.

Abbreviations: PAMAM, polyamidoamine dendrimer; PEG, polyethyleneglycol; pEGFP, plasmid encoding enhanced green fluorescence protein; MRI, magnetic resonance

imaging; Tf, transferrin.

drug for glioma, was selected as a positive control. It inacti-
vated O6-alkylguanine-DNA alkyltransferase activity to make
the DNA mismatched and lead to cytotoxicity, which was
effective especially for cell division.* This was coincidental
with the fact that Temozolomide treatment-induced apoptosis
was only found in the margin region where the cells were
proliferated rapidly. This difference of antitumor outcome
between NP-based gene therapy and Temozolomide-based
chemotherapy could provide us a new way to treat glioma
more efficiently.

Conclusion

In conclusion, this study showed the feasibility of systemic
administration of PAMAM-PEG-T{/Trail for gene therapy of
glioma. The current outcomes encourage further investiga-
tions into the application of gene therapy against tumor.
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