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Abstract: Intramuscular injection of plasmid DNA (pDNA) to express a therapeutic protein is
a promising method for the treatment of many diseases. However, the therapeutic applications
are usually hindered by gene delivery efficiency and expression level. In this study, critical fac-
tors in a pDNA-based gene therapy system, such as gene delivery materials, a therapeutic gene,
and its regulatory elements, were optimized to establish an integrated system for the treatment
of mouse hindlimb ischemia. The results showed that Pluronic® L64 (L64) was an efficient and
safe material for gene delivery into mouse skeletal muscle. It also showed intrinsic ability to
promote in vivo angiogenesis in a concentration-dependent manner, which might be through the
activation of nuclear factor kappa-light-chain-enhancer of activated B cell (NF-kB)-regulated
angiogenic factors. The combination of 0.1% L64 with a hybrid gene promoter (pSC) increased
the gene expression level, elongated the gene expression duration, and enhanced the number of
transfected muscle fibers. In mice ischemic limbs, a gene medicine (pSC-HIF10/"/L64) com-
posed of L64 and pSC-based expression plasmid encoding hypoxia-inducible factor 1-alpha
triple mutant (HIF-10™), improved the expression of stable HIF-1c, and in turn, the expression
of multiple angiogenic factors. As a result, the ischemic limbs showed accelerated function
recovery, reduced foot necrosis, faster blood reperfusion, and higher capillary density. These
results indicated that the pSC-HIF10™/L64 combination presented a potential and convenient
venue for the treatment of peripheral vascular diseases, especially critical limb ischemia.
Keywords: gene therapy, Pluronic L64, angiogenesis, SV40 enhancer, HIF-1o

Introduction
Skeletal muscle is an attractive tissue for gene therapy because myocytes can act as
the “factory” to produce and secrete therapeutic proteins.' Viral vectors have been
widely used due to their potent transgene expression in skeletal muscle,>* but they
have potential risks to human beings, such as insertional or reverse mutation, immu-
nogenicity and toxicity. By contrast, intramuscular injection of naked plasmid DNA
(pDNA) is a safer, cheaper, and easier approach. However, pPDNA-based therapeutic
trials usually failed to meet expectations due to the low gene delivery efficiency and
low expression level. The successful cases were mainly focused on reporter gene
expression and DNA vaccination.* To set up an effective pDNA-based gene therapy
system, the key determinants, such as the gene delivery materials, therapeutic gene,
and its regulatory elements, should be comprehensively designed and optimized so
that they can function efficiently and synergistically.

The bottleneck in muscle-based gene therapy is the pDNA transfer efficiency
governed by gene delivery materials. Cationic lipids and polymers can promote
pDNA delivery into many cell lines in vitro and several tissues in vivo.>”’ However,
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they usually offer negative results on skeletal muscle gene
delivery, as their gene expression levels are much lower than
that of naked pDNA. Pluronics, also known as poloxamers,
are a group of non-ionic amphiphilic block copolymers
with two chains of hydrophilic polyethylene oxide (PEO)
group flanking a hydrophobic polypropylene oxide (PPO)
group. With a long record of safety, Pluronics have been
widely used as pharmaceutical adjuvants, and some of them
were approved by the US Food and Drug Administration
(FDA).*'° In addition, several studies showed that Pluron-
ics such as L64, P85, and F127 increased the reporter gene
expression after co-injection of pDNA/Pluronics mixture
into rodent skeletal muscle, indicating their potential for
in vivo muscle-based gene therapy.'"'> However, very few
successful cases have been obtained to treat animal disease
models using therapeutic genes.

Although Pluronics facilitate gene transfer into myocytes,
the amounts of expressed molecules are usually not high
enough for therapeutic purpose. Nuclear import of pDNA
is still the crucial barrier for transgene expression. In a
dividing cell, pDNA can be encompassed into the nucleus
during the nuclear membrane disintegration and the subse-
quent nucleus reconstruction. In a non-dividing muscular
cell, special measures should be taken to help pDNA enter
the nucleus. DNA nuclear targeting sequences (DTSs) are
special DNA sequences capable of facilitating nuclear
entrance of pDNA."* Therefore, DTSs can be integrated in
the pDNA sequence to help nuclear import of the pDNA.
The simian virus 40 enhancer (SV40E) possesses several
sequences to bind transcriptional factors such as NF-kB, the
activating protein AP-2, octamer transcription factor Oct-1,
and transcriptional enhancer factor TEF-1.'%5 Upon com-
bination, the transcriptional factors will introduce the DNA
fragment into the nucleus. For this reason, SV40E can serve
as a typical DTS. Here, we incorporated SV40E close to the
upstream of cytomegalovirus (CMV) promoter to construct
a plasmid with hybrid promoter, pSV40E/CMV (pSC). As
Pluronics increased the gene transfer in a promoter-selective
manner,'® we aimed in this study to evaluate the synergis-
tic effects of the Pluronics/pSC combination on gene expres-
sion in skeletal muscle.

To treat ischemia, angiogenesis cytokines, such as vas-
cular endothelial growth factor (VEGF), fibroblast growth
factor (FGF), hepatocyte growth factor (HGF), platelet
derived growth factor (PDGF), Angiopoietin-1 (Ang-1)
and stromal cell-derived factor (SDF-1), were commonly
used.'®!” As a complex biological process, angiogenesis
requires cooperative effects of the cytokines. Over-ex-
pression of a single cytokine may be insufficient to induce

functional blood vessel formation, whereas inconsonant
co-expression of several cytokines may lead to aberrant
vascular proliferation, or bring the risks of hemangioma and
tumor growth.'®!? The transcription factor hypoxia-inducible
factor 1 (HIF-1) has been considered to be a more rational
choice, because it functions as an upstream “switch” regulat-
ing the transcription of multiple angiogenesis cytokines in a
synergistic manner.>*?° HIF-1 is a heterodimeric protein that
consists of an O,-regulated oi-subunit and a stable -subunit.
In hypoxic condition, HIF-1o translocates to the nucleus,
dimerizes with HIF-1[3, binds the hypoxia response elements
(HREs) on the target gene’s promoter, and subsequently
regulates the transcription.?'?> Under normoxic condi-
tions, HIF-1a will be hydroxylated at two proline residues
(Pro402 and Pro564) by prolyl-4-hydroxylase (PHD) and
then recognized by von Hippel-Lindau (VHL) protein, the
recognition component of an E3 ubiquitin ligase complex,
leading to ubiquitination and rapid proteosomal degradation
of HIF-1o.. Meanwhile, HIF-10. can also be hydroxylated
at an asparagine residue (Asn803) under normoxic condi-
tions by an asparaginyl hydroxylase FIH-1 (factor inhibit-
ing HIF-1), resulting in the interaction disrupture between
HIF-1a and the transcriptional co-activators p300 and CBP
(CREB binding protein), thereby inhibiting the transcription
activity of HIF-1.23* Therefore, site-directed mutation of
the codons of Pro402, Pro564, and Asn80 can abrogate the
hydroxylation sites in HIF-1o and generate a constitutively
stable and active form of HIF-1a protein. Over-expression
of such a HIF-1a has shown a good angiogenic potency as
well as safety profile in several viral vector-mediated gene
therapy studies.?*

In this study, the gene delivery materials, therapeutic
gene, and its regulatory element were optimized and inte-
grated to establish an angiogenic gene therapy system. We
hope that the system will have therapeutic effects on the
mouse model of ischemic hindlimb, and thereafter present
promising potential for the treatment of peripheral vascular
diseases, such as diabetic foot, thromboangiitis obliterans,
and chronic venous insufficiency.

Materials and methods

Reagents

Pluronic L64, polyvinylpyrrolidone (PVP, 50 kD) and poly-
ethyleneimine (PEIL, branched 25 kD) were purchased from
Sigma-Aldrich (St Louis, MO, USA). Pluronic P85 was a
kind gift from Chengzhong (Michael) Yu (University of
Queensland, QLD, Australia). Restriction enzymes were pur-
chased from Fermentas (St Leon-Rot, Germany). The argi-
nine-functionalized polypeptide dendrimer G5 and cationic
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liposome were synthesized, respectively, as described in
previous research.>¢

Cell culture and transfection

Mouse myoblast cell line C2C12 (ATCC Number
CRL-1772) was cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Invitrogen, Carlsbad, CA, USA),
supplemented with 10% fetal bovine serum (FBS; Hyclone
30084.03, Invitrogen) and 1% penicillin-streptomycin in
a CO, (5%) incubator at 37°C under saturated humidity.
For transfection, cells were seeded in 6-well plates and
transfected one day later with 4 pg/well plasmid using
Lipofectamine 2000 (Invitrogen) when the cell confluence
was about 80%—90%.

Construction of plasmids

Structures of the plasmids used in this study are shown in
Figure 1. They were constructed based on pcDNA3.1(+)
(Invitrogen; referred to below as pCMV) which contained
the CMV promoter. The plasmid pSC containing the SV40E/
CMYV promoter was constructed in three steps. Firstly, the
SV40E fragment was amplified from pGL3-control (Pro-
mega, Madison, WI, USA) using primers SV40E-F and
SV40E-R (Table 1), and cloned into pMD19-T (TaKaRa,
Dalian, People’s Republic of China) in the forward orien-
tation to get pMD19T-SV. Secondly, the CMV promoter
was cut from pCMYV using Bg!/ II and Kpn 1, and inserted
into pMD19T-SV between BamH I and Kpn 1, generating
pMD19T-SC. Finally, to construct pSC, the SV40E/CMV
hybrid promoter separated from pMD19T-SC was used to
replace the CMV promoter in pCMV between Bg/ 11 and
Kpn 1 sites.

To construct the plasmids pCMV-Luc and pSC-Luc, the
firefly luciferase (Luc) complementary DNA (cDNA) was
amplified from pGL3-control using primers Luc-F and Luc-R
(Table 1), and cloned into pCMV and pSC between Not I and
Xba 1 sites, respectively. To construct the plasmids pCM V-
LacZ and pSC-LacZ, the -galactosidase (LacZ) cDNA was
amplified from pUB6/V5-His/lacZ (Invitrogen) using primers

LacZ-F and LacZ-R (Table 1), and cloned into pCMV and
pSC between Not I and Apa 1, respectively.

Plasmids expressing wild-type HIF-1a (HIF-10*") and
P564A/N803A double mutant HIF-1ow were gifts from
Dr Daniel J Peet (University of Adelaide). To generate the
P402A mutation in HIF-1 gene, a fragment was amplified
from the HIF-1o™ plasmid using primers HIF1o-F3 and
HIF1o-R3 (Table 1), and inserted into the double mutant
HIF-1o plasmid between Aff 1T and Bsp119 1. The P402A/
P564A/N803A triple mutant HIF-1ot (HIF 1 o) fragment was
amplified using primers HIF1a-F and HIF1o-R (Table 1),
and respectively inserted into pCMV and pSC between Not |
and Xba I sites, generating pCMV-HIF 1 o and pSC-HIF 1 o',
The inserted fragments in the plasmids were confirmed by
DNA sequencing.

Preparation of pPDNA/material mixture
Mixtures of dendrimer G5/pDNA, liposome/pDNA and PEl/
pDNA were prepared as described.>® Stock solutions (10X,
w/v [weight/volume]) of Pluronic L64, P85 and PVP were
prepared in pure water and stored at 4°C, respectively. Before
intramuscular injection, L64, P85 and PVP were diluted to
2% solutions with saline, gently and thoroughly mixed with
equal volume of pDNA, and incubated for 10 minutes at
room temperature before injection.

In vivo assay of reporter gene expression
All animals were handled in compliance with the national
and local animal welfare rules, and experiments were
approved by the local ethics committee (Animal Care and
Use Committee of Sichuan University). BALB/c mice
(6-week-old males; West China Animal Culture Center of
Sichuan University) were used to evaluate the reporter gene
expression. Ten micrograms of pDNA encoding luciferase
or B-galactosidase in 50 UL of saline with or without mate-
rial was injected into mouse tibialis anterior (TA) muscles at
both sides.

For luciferase activity assay, cells or tissues were homog-
enized in 1 mL lysis buffer (Promega). The homogenized

pCMV — Cmv

[ Transgene |

BGHpA |

pSC - SV40E | CMV

I Transgene  H

BGHpA

Figure | Structure of the constructed plasmids.

Abbreviations: CMV, cytomegalovirus; SV40E, SV40 enhancer; SC, CMV promoter/SV40 enhancer; BGH pA, bovine growth hormone polyadenylation signal sequence.
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Table | Sequences of the primers

Primers Sequences

SV40E-F 5-GAAGATCTTGGTAAAATCGATAAGGATCTGAACGATG-3’

SV40E-R 5-CGGGATCCGCTGTGGAATGTGTGTCAGTTAGG-3’

Luc-F 5’-ATAAGAATGCGGCCGCACCATGGAAGACGCCAAAAACATAAAG-3’
Luc-R 5’-GCTCTAGATTACACGGCGATCTTTCCGCC-3’

LacZ-F 5-ATAAGAATGCGGCCGCATAATGGTAGATCCCGTCGTTTTACAACG-3
LacZ-R 5-ATAAGAATGGGCCCTTATTTTTGACACCAGACCAACTGGTAATG-3’
HIFlo-F3 5’-CAAACTTAAGAAGGAACCTGATGCTTTAACTTTGCTGGCCGCAGCCGCTGGAG-3’
HIFlo-R3 5’-CTACTTCGAAGTGGCTTTGGCGTTTCAGCGGTG-3’

HIFlo-F 5’-ATAAGAATGCGGCCGCAATGGAGGGCGCCGGCGG-3’

HIFla-R 5’-GCTCTAGATCAGTTAACTTGATCCAAAGCTCTGAG-3’

HIFlo-qF 5’-CCACAGGACAGTACAGGATG-3’

HIFlo-qR 5’-TCAAGTCGTGCTGAATAATACCACT-3’

VEGF-qF 5-TCACTGTGAGCCTTGTTCAGAGCG-3’

VEGF-qR 5-CACCGCCTTGGCTTGTCACATCT-3

PDGF-qF 5’-CTTCCCCTACGTTCACTTCCG-3’

PDGF-qR 5’-CATTACAACCTTGCTCACCCTGC-3’

SDFI-qF 5’-ACCAGTCAGCCTGAGCTACC-3’

SDFI-gqR 5-CGGGTCAATGCACACTTGTCTGT-3’

-actin-qF 5’-CTCCTCCCTGGAGAAGAGCTA-3’

B-actin-qR 5’-CCTTCTGCATCCTGTCGGCAA-3’

IL-6-qF 5’-CTCTGGGAAATCGTGGAAATGAG-3’

IL-6-qR 5-CTGTATCTCTCTGAAGGACTCTG-3’

MMP-2-qF 5-CTTTTGTATGCCCTTCGCTCG-3’

MMP-2-qR 5’-CAAGAAGGCTGAGCAGGAAG-3’

MMP-9-qF 5-AACCCACAGAATGCTTACTGTGTG-3’

MMP-9-qR 5-GGTTTCAGCAGATTTACAGGACAC-3’

Abbreviations: SV40E, SV40 enhancer; Luc, luciferase; LacZ, B-galactosidase; HIFlo, hypoxia-inducible factor I-alpha; VEGF, vascular endothelial growth factor; PDGF,
platelet-derived growth factor; SDFI, stromal cell-derived factor I; IL-6, interleukin 6; MMP-2, matrix metallopeptidase 2; MMP-9, matrix metallopeptidase 9; F, forward

primer; R, reverse primer; q, quantitative primer.

lysates were extensively vortexed and centrifuged at
12,000x g for 5 minutes at 4°C. The supernatants were used
for luciferase activity analysis using a reporter assay kit
(Promega, E1501) according to the manufacturer’s protocol.
Relative light unit (RLU) was normalized to the total protein
concentration in the lysate supernatant, measured using a
bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA).

For B-galactosidase activity assay, TA muscles were
isolated and immersed in a freshly prepared fixative (2%
paraformaldehyde and 0.2% glutaraldehyde in phosphate-
buffered saline [PBS]) for 1 hour on ice. Fixed samples
were washed three times in PBS for 5 minutes each at room
temperature and then incubated in X-gal staining solution
at 37°C for 6 hours. After staining, samples were further
fixed in 4% paraformaldehyde and photographed with a
digital camera.

Serum biochemical test
Mice were intramuscularly injected with 50 UL solution of
pDNA and pDNA formulated with 0.1% L64 (pDNA/L64),

respectively. Three days later, their bloods were collected
and sera were separated by centrifugation at 3,000 rpm for 10
minutes at 4°C. Sera biochemical tests were analyzed using
the Analyzer Medical System AUTOLAB (AMS, Italy).

Mouse hindlimb ischemia surgery
The animal model of hindlimb ischemia was established
using male BALB/c mice aged 10—12 weeks. Based on pre-
vious description, the surgery protocol gave a modification
on the ligation site, namely to ligate the iliac artery before it
branches.?” In brief, animals were anesthetized by intraperi-
toneal administration of sodium pentobarbital (45 mg/kg),
and both the hindlimbs were shaved, depilated, and wiped
with iodophor. Through a longitudinal incision in the left
thigh, the external iliac artery was carefully separated from
the vein and nerve fiber, and tightly ligated at the site just
before it bifurcates to the profunda femoris, epigastrica, and
femoral arteries.

After the operation, mice were randomized into five
groups: saline, L64, pSC-HIF1a, pSC-HIF10/L64, and
pCMV-HIF1a/L64. The final concentration of injected

submit your manuscript

3442

Dove

International Journal of Nanomedicine 2014:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

L64-mediated angiogenic gene threapy for limb ischemia

L64 was 0.1%. For each mouse, 100 puL of solution con-
taining 20 pg of plasmid was intramuscularly injected at
five sites on the ischemic limb to guarantee a homogenous
distribution.

Damage assessment of ischemic limb

At 0, 14, and 28 days post surgery, limb morphology was
visually scored to evaluate the degree of ischemia-induced
damage. Three grades were used to measure the degree of
limb necrosis: I, necrosis in the nail; II, necrosis in the toe;
and III, necrosis in the distal half of the foot. Evaluations were
performed by an observer blinded to treatment groups.

Blood flow measurement

Blood flow in anesthetized mouse hindlimb was evaluated
by laser Doppler flowmetry (LDF) (Periflux System 5,000,
Perimed, Stockholm, Sweden) as described.?® For each mouse,
six sites on the gastrocnemius muscles of ischemic and normal
limbs were detected using a deep measurement probe at differ-
ent time points within 4 weeks after surgery. The reperfusion
rate of ischemic hindlimb was defined as the ratio of ischemic
to normal hindlimb perfusion value in the same mouse, so as
to minimize the variability due to individual basal perfusion.

Immunohistochemistry and quantification
of capillary density

Specimens were fixed in 10% formalin, embedded in paraffin,
and sectioned with 5 um thickness. After antigen retrieval, the
sections were incubated with anti-CD31 polyclonal antibody
(sc-1506; Santa Cruz Biotechnology, Santa Cruz, TX, USA)
and a horseradish peroxidase (HRP)-conjugated secondary
antibody (Zhongshan Golden Bridge Biotechnology, Beijing,
People’s Republic of China). Antibody binding was visual-
ized with freshly prepared 3,3’-diaminobenzidine tetrahydro-
chloride solution (Zhongshan Golden Bridge Biotechnology)
and then counterstained with hematoxylin. CD31* cells
were counted in six random fields per slide captured with a
5x objective lens (Leica DMI 4000B, Wetzlar, Germany)
and the mean number of positive cells per square millimeter
was used as an index of capillary density.

Western blot

Samples were homogenized in ice-cold radioimmunopre-
cipitation assay (RIPA) lysis buffer (Thermo Fisher) con-
taining protease inhibitors (Hoffman-La Roche Ltd, Basel,
Switzerland). The lystes were separated on 10% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and electronically transferred to a polyvinylidene

fluoride (PVDF) membrane (Millipore) at 100 V for 1 hour.
After blocking with 5% (w/v) nonfat dry milk in PBST, the
membrane was incubated with primary antibody (H-206 for
anti-HIF-10, R-22 for anti-B-actin; Santa Cruz) and HRP-
conjugated secondary antibodies. Immunoreactive bands
were visualized using SuperSignal™ West Pico Chemilumi-
nescent Substrate (Thermo Fisher) and photographed with
the ChemiDoc™ XRS+ System with Image Lab™ Software
(Bio-Rad, Hercules, CA, USA).

Quantitative polymerase chain reaction
Total RNAs were extracted from gastrocnemius muscles
using TRIzol® reagent (Invitrogen) according to the manufac-
turer’s protocol. RNA samples were treated with RNase-free
DNase I (Fermentas) prior to cDNA synthesis to eliminate any
residual plasmid or genomic DNA. First strand cDNAs were
reversely transcribed as previously described.” Quantitative
polymerase chain reaction (QPCR) was designed according
to the Minimum Information for Publication of Quantita-
tive Real-Time PCR Experiments (MIQE) guidelines and
performed on the CFX96 Touch™ real-time PCR detection
system (BioRad).*® Data were detected and analyzed using
CFX Manager™ software (Bio-Rad). All reactions were done
in triplicate using SYBR Premix Ex Taq™ II (TaKaRa) in
a 20 uL volume. The expression of target messenger RNA
(mRNA) was normalized to the B-actin mRNA reference
and calculated using the Pfaffl method.>*3! Data on relative
gene expression were presented as the fold change compared
with the saline-treated control. Primers of qPCR are shown
in Table 1.

Statistical analysis

Quantitative data are presented as the mean + standard
deviation (SD). One-way analysis of variance (ANOVA)
was used to evaluate the significance of differences between
groups. When a significant difference was detected, multiple-
comparison analysis was performed using the Student-
Newman-Keuls test. In some cases, evidence of interaction
was tested for using two-way ANOVA. A P-value of <0.05
was considered statistically significant.

Results

Identification of L64 as an effective and
safe vehicle for muscular gene delivery
Cationic gene delivery materials, such as PEL polypeptide den-
drimer G5, and liposome, are widely used materials for in vitro
gene transfection.>” However, they showed much lower levels
of transgene expression in skeletal muscle than naked pDNA
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Figure 2 Screening of materials for local gene delivery into skeletal muscle and the in vivo biocompatibility evaluation of pPDNA/L64 combination.

Notes: (A and B) Screening of materials for local gene delivery into skeletal muscle. The bilateral tibialis anterior (TA) muscles were injected with 10 ug of naked pCMV-
Luc or pCMV-Luc/material mixtures. Samples were obtained 7 days after injection. The luciferase activities in each group were measured and presented as the relative
ratios compared with the naked pDNA group. (A) Cationic gene delivery materials (n=10). *P<<0.05 versus all other groups. (B) Nonionic gene delivery materials (n=10).
*P<0.05 versus naked DNA and the three PVP groups. (C and D) In vivo biocompatibility evaluation of pPDNA/L64 combination. Ten micrograms of pCMV-Luc were injected
into the left TA muscles of each mouse with or without 0.1% Lé4. The organs and muscles were detached 3 and 7 days after injection for detection. (C) Organ distribution
of gene expression 3 days after intramuscular injection (n=6). (D) Representative tissue sections in the injected muscles 3 days after treatment: (a) pDNA, and (b) pDNA/
L64 (n=6). Pluronic® Lé4 (Sigma-Aldrich, St Louis, MO, USA).

Abbreviations: pDNA, plasmid DNA; RLU, relative light units; CMV, cytomegalovirus; SV40E, SV40 enhancer; SC, CMV promoter/SV40 enhancer; Luc, luciferase;

PVP, polyvinylpyrrolidone; PEI, polyethyleneimine; L64, Pluronic® L64; N/P, charge ratio between amino groups of materials and phosphate groups of DNA.

(Figure 2A). In contrast, some kinds of nonionic materials had
similar or much better performance than naked pDNA, while
L64 showed the best and most stable results (Figure 2B).

The ectopic transgene expression is an important safety
concern because unrestricted gene expression in other organs
or tissues may produce unexpected effects other than thera-
peutic purpose. To investigate the in vivo distribution of
L64-mediated transgene expression, major organs of mice
were examined for luciferase expression after intramuscular
injection. In the examined organs, no significant differ-
ence in luciferase expression levels was observed among
the four treatments at day 3 (Figure 2C). Similar results were
obtained at day 7 (data not shown). To further determine
the safety profile of L64 as a gene carrier, the local and
systemic toxicity was evaluated after intramuscular injec-
tion of naked pDNA and pDNA/L64 into normal BALB/c

mice. Tissue sections from injected TA muscles did not show
any pathological changes in both the pDNA and pDNA/
L64 treatments at day 3 (Figure 2D). There was also no
significant difference in serum biochemical indexes, such
as liver function, renal function, and blood glucose, between
the two groups (Table 2). Similar results were observed at
day 7 (data not shown).

Effects of L64 and SV40E on transgene

expression in mouse skeletal muscle

To visually evaluate the level and spatial distribution of
transgene expression in mouse TA muscle, histological
analysis of the B-galactosidase (LacZ) expression was
performed at day 7 after injection. The pSC-LacZ/
L64 treatment showed the highest level expression in
the four groups, evident from the degree and distribution
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Table 2 Serum biochemical test of mice

Items pDNA pDNA/L64
Liver function ALT (U/L) 35.743.55 33.62+1.93
AST (U/L) 103+13.22 I11£144
ALP (U/L) 183.7£17.43 191.26+15.83
GGT (U/L) 2.64+0.38 2.51+0.51
TP (g/L) 36.17+3.33 40.42+4.15
ALB (g/L) 24.2£1.15 23.9+1.81
TBIL (umol/L) 25.6x1.79 30.2+1.85
DBIL (umol/L) 2.641+0.86 2.2940.92
Renal function BUN (mmol/L) 7.85+0.68 7.27+0.91
CRE (umol/L) 51.661+5.56 55.1316.51
Blood glucose GLU (mmol/L) 5.18+0.83 5.76+0.66

Note: Pluronic® L64 (Sigma-Aldrich, St Louis, MO, USA).

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
ALP, alkaline phosphatase; GGT, y-glutamyl transpeptidase; TP, total protein; ALB,
albumin; TBIL, total bilirubin; DBIL, direct bilirubin; BUN, blood urea nitrogen; CRE,
creatinine; GLU, glucose; pDNA, plasmid DNA; Lé4, Pluronic® L64.
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of stained muscles on the sample surfaces (Figure 3A).
The inside muscle fibers offered information consistent
with their external and internal sides, and only the fibers
close to the needle tract were transfected in pCMV-LacZ
and pSC-LacZ groups (data not shown). It is worth noting
that the difference induced by the addition of L64 was more
obvious than that by SV40E, indicating that the former was
the major contributing factor to the superior performance
observed for pSC-LacZ/L64.

Results from luciferase activity assays revealed some
characteristics of the four treatments in mouse skeletal
muscles (Figure 3B): 1) L64 significantly increased the activ-
ity of both CMV and pSC promoters on gene expression
during 4 weeks. When L64 was added, the peak expression
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Figure 3 Qualitative and quantitative assays of reporter gene expression in the tibialis anterior (TA) muscles.

Notes: (A) Representative figures of LacZ expression in mice TA muscles. Samples were obtained 7 days after injection (n=6). (B) Quantitative assays of the Luc gene
expression. The TA muscles of each mouse were injected with 10 g pDNA and the muscles were detached for detection at different time points (n=10). *P<<0.05 versus
pCMV-Luc; #P<<0.05 versus pSC-Luc; *P<<0.05 versus pCMV-Luc/Lé4. Pluronic® L64 (Sigma-Aldrich, St Louis, MO, USA).

Abbreviations: pDNA, plasmid DNA; CMV, cytomegalovirus; SV40E, SV40 enhancer; SC, CMV promoter/SV40 enhancer; LacZ, B-galactosidase; Luc, luciferase;

RLU, relative light units; Lé4, Pluronic® L64.

International Journal of Nanomedicine 2014:9

submit your manuscript

3445

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Song et al

Dove

level of transgene at day 7 increased 10-fold for CMV
promoter (pCMV-Luc/L64 versus pCMV-Luc; P<0.05),
and 5-fold for SC promoter (pSC-Luc/L64 versus pSC-Luc;
P<0.05). ii) SV40E significantly increased the activity of
CMYV promoter on gene expression during the entire 28-day
period, whether L64 was incorporated or not (pSC-Luc
versus pCMV-Luc, pSC-Luc/L64 versus pCMV-Luc/L64;
P<0.05). iii) In combination with L64, SV40E elongated the
duration of gene expression (pSC-Luc/L64 versus pCM V-
Luc/L64). The gene expression of pCMV-Luc/L64 peaked
at day 7 and decreased thereafter, while pSC-Luc/L64 kept
the highest level for at least 14 days. A two-way ANOVA
analysis on the data of day 14 also showed a statistically
significant synergism between L64 and SV40E (P<0.05 for
L64; P<<0.05 for SV40E, P=0.02 for interaction). iv) Trans-
gene expression in the target TA muscles was generally
four to five orders of magnitude higher than that in remote
organs, irrespective of the type of formulation (Figure 3B
versus Figure 2C).

The qualitative and quantitative data indicated that the
combination of Pluronic L64 with SV40E resulted in signifi-
cant increases in reporter gene expression level, distribution,
and duration.
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Figure 4 Stability of wild type and mutant HIF-1o mRNA and protein in C2CI2 cells.

The stability of wild and mutant HIF-1o
mRNA and protein

To investigate if the triple mutant HIF-10t protein is more stable
than its wild type counterpart under normoxic condition, the
pSC-HIF1o™ and pSC-HIF 1o plasmids were respectively
transfected into normally cultured mouse myoblast C2C12.
Expressions of HIF-1oo mRNA and protein in HIF1o®- and
HIF1o™-transfected cells were significantly higher than those in
untransfected cells. Although HIF10:"- and HIF 10™'-transfected
cells had identical HIF-1o. mRNA expression (Figure 4A and B;
P>0.05), their HIF-10. protein expressions were significantly
different (Figure 4C and D; P<<0.05). It was mainly due to the
rapid degradation of HIF-10* protein in normoxic condition,
whereas the HIF-10" protein was still stable. The efficiency and
stability of protein expression of transfected genes showed the
potential application of HIF 1o/ for in vivo gene therapy.

Treatment of mouse ischemic hindlimb via

L64-mediated stable HIF-1 o expression

The onset of ischemia was confirmed by the LDF measure after
the surgery (day 0). Photographs of the mice hindlimbs were
recorded at every time point using a digital camera (Figure SA).
The ischemic status of mice hindlimbs in each group was
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Figure 5 Therapeutic effects on mouse ischemic hindlimbs.

Notes: (A) Representative photographs of hindlimbs on days 0, 14, and 28 after treatments. (B) Grading the hindlimb necrosis on day 28 after treatment. Three grades
were used to measure the degree of limb necrosis: |, necrosis in the nail; Il, necrosis in the toe; and lll, necrosis in the distal half of the foot. (C) The blood reperfusion ratio
in ischemic hindlimbs. *P<<0.05 versus all other groups; *P<<0.05 versus the saline group. (D) Representative immunohistochemistry photographs of sections in ischemic
hindlimbs. Capillaries were marked in brown. Scale bar =25 um. (E) Quantification of capillary density. *P<<0.05 versus the saline, L64, and pSC-HIF | o groups; #P<<0.05 versus
the saline group (n=7). Pluronic® L64 (Sigma-Aldrich, St Louis, MO, USA).

Abbreviations: CMV, cytomegalovirus; L64, Pluronic® Lé4; SC, CMV promoter/SV40 enhancer; HIF-10, hypoxia-inducible factor |-alpha triple mutant; SV40E, SV40 enhancer.
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assessed at day 28 using the 3-grade method (Figure 5B).
In the saline group, 57% of the animals had necrosis in
the distal half of the foot (grade III), whereas the ratios in
pSC-HIF 1o and pCMV-HIF10"/L64 treatments reduced
to 14%. The pSC-HIF10/"/L64 treatment got the best thera-
peutic results: no animal had necrosis in grade III; 43% of
them had necrosis limited to the toe (grade II) and 57% to
the nail (grade I).

Blood flow is a precise index to evaluate the reperfu-
sion extent in ischemic limbs. The reperfusion extent was
presented as the blood flow ratio between the ischemic
and normal limbs in a mouse (Figure 5C). In line with the
reduced necrosis, the pSC-HIF 1 o"//L64 treatment exhibited
a significantly higher reperfusion extent than other groups
from day 7 to day 21 after treatment (P<<0.05). The other
two HIF 1oti-treated groups were also able to improve per-
fusion recovery from day 7, albeit to a lesser extent. At day
28, the mice receiving pSC-HIF 1 o"/L64 treatment yielded
the highest reperfusion level (75.2%19.7%). A similar
result was also observed in the pPCMV-HIF1o"/L64 group
(71.9%16.9%). Interestingly, injection of L64 in the absence
of the therapeutic pDNA also exhibited a beneficial effect
on perfusion recovery, as reflected by the reperfusion values
between the L64 (50.5%17.9%) and saline (42.9%%3.7%)
groups at day 28 (P<<0.05).

The accelerated blood perfusion recovery rate was
possibly due to an improved angiogenesis progress. This
was revealed by quantification of capillary density in isch-
emic limb at day 28. Cluster of differentiation 31 (CD31),
also known as platelet endothelial cell adhesion molecule
(PECAM-1), is normally found on the surface of endothelial
cells, platelets, macrophages and Kupffer cells, etc.’? In immu-
nohistochemistry, CD31 is primarily used to demonstrate the
presence of endothelial cells in tissue sections, which can
help to evaluate the degree and speed of angiogenesis.* As
shown in Figure 5D, the brownish yellow spots indicated
the stained endothelial cells in capillaries. Injection of pSC-
HIF10//L64 resulted in a significantly higher muscle capil-
lary density than all other treatments (P<<0.05), except the
pCMV-HIF 1o"/L64 (Figure 5E). Meanwhile, the L64 group
also showed an enhancement in capillary formation when
compared with the saline group (P<<0.05), consistent with
the enhanced reperfusion level shown in Figure 5C.

HIF-1o and its target gene expression

in mouse ischemic limb
We further investigated the expression of HIF-10 and several
cytokines in mouse ischemic limb to get insights into the

molecular mechanism by which pSC-HIF10o"/L64 stimu-
lated blood vessel growth. Western blot analysis showed
that pSC-HIF10/L64 treatment conferred higher HIF-1o
protein level than others (Figure 6A). Quantitative PCR
results further confirmed that the mRNA levels of HIF-1a.
among groups were consistent with the protein levels (Figure
6B; P<<0.05).

The transcriptions of several important angiogenic factors
(also known as the targets of HIF-1o) were quantitatively
analyzed in the same muscle samples. The mRNA levels of
VEGF, SDF-1, and PDGF-B in the pSC-HIF 10"//L64 group
increased 4.6, 3.8, and 3.7 fold, respectively, as compared
with mRNA levels in the saline group. They were also sig-
nificantly higher than those in the treatments without L64 or
SV40E (Figure 6C; P<<0.05). These data demonstrated the
superiority of an integrated pSC-HIF10"/L64 system in
promoting the target gene expression in muscle, and also
provided molecular evidence confirming the blood vessel
regeneration.

Influence of Pluronic L64 on expression

of NF-kB-related angiogenic factors

A notable phenomenon is that the injection of L64 can up-
regulate the transcription of VEGF (Figure 6C; P<<0.05) but
not that of SDF-10c and PDGF-B (P>0.05). Considering that
VEGF is one of the important factors in the NF-xB signal
pathway and that Pluronics SP107 and P85 activated expres-
sion of the luciferase gene driven by promoters containing
NF-xB-response elements, '’ we were interested in knowing
whether L64 can induce the transcriptions of NF-xB-related
angiogenic genes. To address this issue, we quantitatively
analyzed the transcriptions of many NF-kB-regulated angio-
genic genes, including VEGF, IL-6, MMP-2, and MMP-9 in
Lo64-treated mouse TA muscles. The data showed that 0.1%
L64 significantly increased the transcription of these four
genes compared to 0.9% saline (Figure 7). However, such
stimulatory effect of L64 on gene transcription diminished
at a higher concentration of 0.5%.

Discussion

Intramuscular injection of pDNA to express therapeutic
molecules is a promising method for the treatment of many
diseases. The most difficult goal in pDNA-based gene therapy
is to obtain optimal gene transfer efficiency mediated by
non-viral gene delivery materials. Here, we showed that
Pluronic L64 is one of the most effective non-viral gene
delivery materials for in vivo gene transfer and expression
in skeletal muscles (Figure 2A and B). One of the major

submit your manuscript

3448

Dove

International Journal of Nanomedicine 2014:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove L64-mediated angiogenic gene threapy for limb ischemia

A B % 41 HIF-100 mRNA
<, *
. (e} —
HEle R
. [}
Bractin e - - — — 5 21
: X
) o I I o
53\\(\ \/6“ ?’\d* d‘f\\\g) 0\}\\\/6 o 14
SV AN\ 2
o0 WY 5
S GN\ o O
N ot P o
Qsc’X\ = 20
S
¢
C 9
D 5- VEGF mRNA D 6- SDF-1 mRNA ? 5. PDGF-B mRNA
> N > >
K-} K} 2
51 5 c 5-
s 5 * s -
@ 41 @ 4 @ 4
2 5 2 3] g ;]
S s S
X # X x
O 24 o 2+ O 24
Q (] [
2 1 2 14 E 14
s 8 k]
(] 4 Q L [] 4
K 5 & A SN <’ NP o R N R R
) NI S ' Vo @Y e 0 VeV g™
SIS\ SN g0 W W€
RIS AN Aty > Ot W
¢ o R &L

Figure 6 Detection of HIF-1c and induced gene expression.

Notes: Seven days after treatment, the gastrocnemius muscles in mice ischemic hindlimbs were harvested for Western blot and qPCR analysis. (A) Representative Western
blot image for HIF-10. protein detection. (B) qPCR analysis of HIF-10. gene expression. *P<<0.05 versus all other groups; *P<<0.05 versus the saline group. (C) qPCR analysis
of HIF-1o induced gene expression. *P<<0.05 versus all other groups; #P<<0.05 versus the saline group (n=7). Pluronic® Lé4 (Sigma-Aldrich, St Louis, MO, USA).
Abbreviations: L64, Pluronic® L64; qPCR, quantitative polymerase chain reaction; mRNA, messenger RNA; CMV, cytomegalovirus; SC, CMV promoter/SV40 enhancer; HIF-
low, hypoxia-inducible factor |-alpha triple mutant; VEGF, vascular endothelial growth factor; SDF-1, stromal cell-derived factor; PDGF-B, platelet derived growth factor; SV40E,
SV40 enhancer.
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safety concerns for the in vivo application of gene therapy
is the expression of transgene in non-target tissues. In this
study, ectopic transgene expression in distal organs was not
stimulated by the pPDNA/L64 expression system (Figure 2D)
and was negligible when compared with that in the target
muscle (Figure 2D versus 3B). Moreover, no in situ toxicity
(Figure 1D) or general systemic toxicity (Table 2) was
observed. It suggested that the pPDNA/L64 expression sys-
tem has a good safety profile and is promising for in vivo
application.

It is very interesting to find that 0.1% L64 has an intrinsic
ability to increase the blood reperfusion rate (Figure 5C) and
capillary density (Figure 5E), as well as the transcription
of VEGF in mice ischemic hindlimbs (Figure 6C). These
results suggest that L64 can function as more than an inert
gene carrier. Although the mechanism by which L64 induces
angiogenic response is still unknown, the in vivo data dem-
onstrated that transcriptions of many NF-xB-regulated angio-
genic genes, including VEGF, 1L-6, MMP-2 and MMP-9,
were significantly up-regulated by 0.1% L64 (Figure 7). The
diminished effect observed for the higher L64 concentra-
tion of 0.5% is possibly due to the activation of a negative
feedback loop. Overall, these results provided evidence that
activation of the NF-kB signal pathway may be a possible
explanation regarding the biological mechanism of L64 on
inducing angiogenesis after local muscle injection. NF-xB
is a rapid response transcription factor that bears nuclear
localization signals (NLSs). Its activation by L64 may, in
turn, act at two steps. First, NF-kB can bind pDNA in cyto-
plasm and bring it into the nucleus through its NLSs. Then,
it may further improve transgene expression by stimulating
transcription.>

In a previous work on Pluronics P85, reporter gene
expression was found to be greatly enhanced in mouse
spleen, lymph nodes and, to a lesser extent, liver. This was
associated with the activation of certain antigen-presenting
cells (APCs) by P85.% It was suggested that the activated
APCs infiltrate into the injection site and carry the transgene
to immune organs. This will bring potential risks for gene
therapy, especially for angiogenesis cases. The activation
of APCs may also reduce the duration of transgene expres-
sion.* For these reasons, Pluronics with strong immune
stimulatory effects are less suitable for use as carriers in
gene therapy, except in some cases for specific immune-
activating purposes. In this study, the data demonstrated
that intramuscular injection of L64/pDNA mixture did not
increase transgene expression in remote organs. The diver-
gent results obtained from L64 and P85 may be attributed to

the different immuno-adjuvant potential of Pluronics, which
has been shown to depend on polymer size and molecular
arrangement.

It was reported that Pluronics SP107 and P85 had
selectivity for promoters containing NF-kB-response ele-
ments, such as CMV promoter. The Pluronics had little
effect on gene expression driven by promoters without
NF-xB-response element, including SV40 promoter, CRE
and AP-1 response elements, and the muscle creatine
kinase (MCK) promoter.®!® Our research indicated that
L64 worked harmoniously with SV40E/CMV promoter,
and the combination of L64 with the hybrid promoter pre-
sented three advantages: increasing the gene expression
level, elongating the expression duration, and enhancing
the number of transfected muscle fibers (Figure 3). It
offered a powerful tool for gene delivery and expression
in muscle. When the triple mutant HIF-1a, gene regulated
by SV40E/CMV promoter was delivered into ischemic
hindlimbs by L64, HIF-1o. mRNA and protein were highly
expressed and, accordingly, the expression of HIF1o-
induced angiogenic cytokines were also increased (Figure 6).
The effects of pSC-HIF1a"/L64 treatment on mice
ischemic hindlimbs were also displayed from different
aspects, including functional recovery, visual observa-
tion, blood reperfusion, and capillary density (Figure 5).
With one exception, however, this treatment did not signifi-
cantly exhibit better physiological and histological param-
eters when compared with the pPCMV-HIF 10"//L64 group at
day 28 (Figure 5C and E). The diminished superiority may be
attributed to a ceiling rate of angiogenesis in ischemic limbs.
As is known, angiogenesis depends on the balance between
the stimulators and their inhibitors.*” It is conceivable that
the continuously regenerated blood vessels may lead to
aberrant vascular proliferation.*® Certain inhibitors may offer
a counterbalance when the proangiogenic signals reached
a concentration threshold and time limitation.** This phe-
nomenon also supports the notion that HIF-1 regulates the
angiogenic progress in a natural and synergistic manner.’

In conclusion, our data demonstrated that pSC-HIF 1 ot/
L64 is a promising gene medicine for therapeutic angiogen-
esis of hindlimb ischemia. The significant therapeutic effects
of this system rested on the combination of three optimized
components: 1) Pluronic L64, an effective and safe gene car-
rier that allowed high levels of therapeutic gene expression
in skeletal muscle. ii) Plasmid vector modified with SV40E
that increased both the level and duration of transgene
expression. iii) Gene encoding stabilized HIF-10., a master
switch capable of activating natural angiogenic responses.
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Our current work is focused on further optimizing both the
gene delivery vehicle and the plasmid construction to permit
this gene therapy system to be used in larger animals and
humans.
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