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Background—Although immunosuppressive therapy for myocarditis has attracted a great deal of attention, its effective-
ness is controversial. Interleukin (IL)-10 has a variety of immunomodulatory properties. Among the nonviral techniques
for gene transfer in vivo, the direct injection of plasmid DNA into muscle is simple, inexpensive, and safe.

Methods and Results-We examined the applicability of murine IL-10 (mIL-10) gene transfer to the treatment of rats with
experimental autoimmune myocarditis. Nine-week-old Lewis rats were inoculated with pig myosin (day 0). A plasmid vector
expressing miL-10 cDNA (80f.g per rat) was transferred into the tibialis anterior muscles by electroporation 3 times (5 days
before immunization and at days 4 and 13); control rats received empty plasmid. Electroporation increased the serum miL-10
levels to>250 pg/mL. The 21-day survival rate in rats treated with mIL-10 cDNA was higher (15 of 15; 100%) than that of
the control group (9 of 15; 60%). Furthermore, mIL-10 treatment significantly attenuated myocardial lesions and improved
hemodynamic parameters.

Conclusions—These findings showed that gene transfer into muscle by electroporation in vivo is an effective means of delivery
of IL-10 for the treatment of autoimmune myocardi{€irculation. 2001;104:1098-1100.)
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H uman myocarditis can be classified into lymphocytic vivo has been effective for introducing DNA into mouse skin,
myocarditis and giant cell myocarditis according to chick embryos, rat liver, and murine melanoma and musclé.
histopathological findings. Giant cell myocarditis is a fatal We previously showed that gene transfer into muscles by
disease, and survivors are more likely to develop dilated electroporation in vivo can be used to deliver cytokines system-
cardiomyopathy than patients with lymphocytic myocardi- ically.t314In the present study, we applied this method for the
tis.t2 The efficiency of immunosuppressive therapy for this delivery of IL-10 in a rat model of autoimmune myocarditis.
disease is controversiak

In a rat model in which myocarditis was induced by purified Methods
cardiac myosin, T cells were reported to play an important role Animals
in inducing myocarditis->Immune dysfunction associated With  \;ine-week-old male Lewis rats were injected with the antigen-
autoimmune disease may be related to an imbalance between Tadjuvant emulsion in their foot pads according to the procedure
helper type 1 and 2 celtsThe T helper type 2-associated described previousl§-5 The morbidity of experimental autoimmune
cytokine interleukin (IL)-10 has a variety of imnmunomodulatory Mmyocarditis was 100% in rats immunized by this methcd.
properties, i.ncluding t.he inhibition of T hglper type 1 cells and E:;%LL?Q;?;ézefosr“ﬂﬁ;gggmﬁfngeg? (t)rtzja?itr?sdtigtzﬁ:cordance with
the production of proinflammatory cytokinéd.Recent reports
have suggested that the immunosuppressive effects associate@onstruction of Mouse IL-10 Expression Vector
with IL-10 are effective in suppressing the rejection of trans- Mouse IL-10 (mIL-10) cDNA cloned by polymerase chain reaction was

planted organs and immune complex diseases, and clinical trialsinserted into the uniqueXho | site between the cytomegalovirus
of IL-10 have been performed in patients with these immediate early enhancer-chick@ractin hybrid promoter and rabbit
disorders.10 B-globin poly A site of the pCAGGS expression plasrifid4 The
) . . . . resulting plasmid, pPCAGGS-IL-10, was grownHscherichia colDH
Electroporation has been widely used to introduce DNA into 54 and prepared using plasmid purification columns (EndFree plasmid
various types of cells in vitro. Gene transfer by electroporation in giga kit; Qiagen). The plasmid DNA was dissolved in a buffer
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(10 mmol/L Tris-HCl and 1 mmol/L EDTA; pH 8.0). The purified ~ mlIL-10 peaked on day 6. These mIL-10 levels wer&0
plasmid DNA was stored at-20°C and diluted to 4ug/ul with pg/mL until day 10 and were greater than the peak value of
phosphate-buffered saline (pH 7.4) immediately before use. serum rat IL-10 during the natural course of progression of

Intramuscular DNA Injection and Electroporation myocarditis in this model (424 pg/mL on day 27).

Rats were anesthetized with diethyl ether. Aliquots of /80 of Administration of mIL-10 Plasmid 3 Times

phosphate-buffered saline were injected 4 times (total amount of . :
DNA was 800ug per rat) into the bilateral tibialis anterior muscles 332+46, 286-48, and 21&42 pg/mL, respectively.

using a disposable insulin syringe with a 27-gauge ne€diepair . . .
of electrode needles with a gap of 5 mm were inserted into the Protocol 2: Preventive Effects of mIL-10 Plasmid
muscle to a depth of 5 mm to encompass the DNA injection sites, Administration in Myocarditis

and electrical pulses were delivered 4 times at 100 V using an Clinical Course in Rats with Myocarditis

electrical pulse generator (Electro Porator CUY21; TR Tééh). Rats in the myosin-immunized group became ill and immo-
bile on day 14. The 21-day survival rates in groups IL-10 and
] ) N were higher (15 of 15 and 10 of 10; 100%) than that in
Protocol 1: Time Course of Changes in Serum miL-10 Levels  group V (9 of 15; 60%). Six rats in group V died between
After Administration of mIL-10 Plasmid to Normal Rats days 19 and 21, and all hearts from these rats showed

Single Administration of mIL-10 Plasmid . o, . . . .
The mIL-10 expression plasmid pCAGGS-IL-10 was transferred extensive myocarditis and massive pericardial effusion.

once at a dose of 80@g per rat into the tibialis anterior muscles of Body Weight, Heart Weight, and Serum Levels of mIL-10
normal Lewis rats (i5) by electroporation in vivo, and the serum Body Weightsl did not differ Between rats in groups IL-10 and

mIL-10 levels were monitored. The time course of changes in serum . . . .
mlL-10 levels was examined on days O, 2, 4, 6, 8, 10, and 14 after V. Heart weight and the heart weight to body weight ratio

transfer of pPCAGGS-IL-10 using an ELISA kit (Endogen). were significantly greater in group V (1.62.05 g and

Administration of mIL-10 Plasmid 3 Times 6.50=0.23 g/kg, respectively) than those in groups IL-10
The mIL-10 plasmid was administered 3 times to normal ratsbjn (1.17+0.02 g and 4.880.10 g/kg; bothP<0.01) and N

After the first injection of mIL-10 plasmid, second and third inject'ions (1.020.02 g and 2.4%0.06 g/kg; bothP<0.01).

were added on days 10 and 20. Serum miL-10 levels were examined on Although serum levels of miIL-10 in both groups V and N

days 6, 16, and 26. were below the level of detection, that in group IL-10 was
Protocol 2: Preventive Effects of mIL-10 Plasmid 125+16 pg/mL on day 21.

Administration in Myocarditis

Lewis rats were inoculated with pig myosin (day 0). The results of Hemodynamic Parameters

protocol 1 indicated that the serum levels of mIL-10 were enhanced Central venous pressure and left ventricular end-diastolic
to >50 pg/mL until day 10 after mIL-10 plasmid administration. pressure were significantly higher and mean blood pressure,
pCAGGS-IL-10 (at a dose of 800g per rat) was administered 3

times (5 days before immunization and on days 7 and 14) to rats 12 150 150

Treatment Protocols

(group IL-10; n=15), and controls received empty pCAGGS (group s

V; n=15). Lewis rats without any treatment were used as age- 104 .

matched normal controls (group N=10). 5 81 £ 400 4 =100
Myocardial histopathology and hemodynamic parameters were ex- £ ¢ - *k E " :; é’

amined on day 21 as described previoadBriefly, rats were anesthe- £E 4 oo £

tized with 2% halothane in Qluring surgical procedures, and then the % £ 504 & o

halothane concentration was reduced to 0.5% to minimize hemodynam- 21 g -

ic effects. Mean blood pressure, central venous pressure, peak left 0 -

ventricular pressure, left ventricular end-diastolic pressure, and dP/dt 2 04 0

were recorded as described previoisie heart weight was measured,
and the ratio of heart weight to body weight (g/kg) was calculated. After
embedding in paraffin, several transverse sections were cut from the 20 8000 0~

*
i #H
mid-ventricle slice and stained with hematoxylin-eosin and " [ ]
Azan-Mallory. .
15 #H 6000 32000
Statistical Analysis * o
Data are presented as mesBEM. Statistical analysis between the 2 107 £4000 7 | | gy ) E-4000 -

mmHg)
mmHg/sec,

groups was performed by one-way ANOVA followed by Tukey's
method. Differences were considered significanP&t0.05.

LVED
+dP/dt
dP/dt (mmHg/sec

2000 -6000

Results 0 0 -8000
Protocol 1: Time Course of Changes in Serum
miL-10 Levels After Administration of mIL-10 C— Group-N mmmm Group-V Group-IL10

Plasmid to Normal Rats

Single Administration of mIL-10 Plasmid
The levels of serum mIL-10 on days 2 (1264 pg/mL), 4 Figure 1. Effects of mIL-10 on hemodynamic parameters. Adminis-

tration of mIL-10 improved central venous pressure (CVP), mean
(30816 pg/mL), 6 (32823 pg/mL), 8 (192-34 pg/mL), 10 blood pressure (mean BP), peak left ventricular pressure (LVP) and

(82+9 pg/mL), and 14 (358 pg/mL) were significantly +dP/dt. LVEDP indicates left ventricular end-diastolic pressure. There
higher (allP<0.01) than on day 0 (not detected). The level of were 9 rats in groups V and N and 8 rats in group IL-10.

*p<0.05 and **p<0.01 vs Group-V, ¥ p<0.01 vs Group-N
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left ventricular pressure, and dP/dt were lower in group V
than in group N (allP<0.01; Figure 1).

Figure 2. Effects of mIL-10 on myocardial infiltra-
tion and heart size. Figures show representative
data for each group. Top, Azan-Mallory staining;
bottom, hematoxylin-eosin staining. a, Group N; b,
group V; and c, group IL-10. Scale bar is 5 mm.

The present study indicated that delivery of IL-10 expression
plasmid DNA by electroporation provided marked cardioprotec-

Central venous pressure was significantly lower and the meantion in a rat model of autoimmune myocarditis and may help

blood pressure, left ventricular pressure, ardP/dt were signifi-
cantly higher in group IL-10 than group V. The left ventricular
end-diastolic pressure anddP/dt did not differ between groups
IL-10 and V.

clarify the mechanisms of the protective effect of IL-10 when
used for the treatment of myocarditis in humans.
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of the surviving rats in group V on day 21, there was little
effusion in group IL-10.

Figure 2 shows representative photographs of thin sections
stained with hematoxylin-eosin and Azan-Mallory. The normal

heart did not show inflammation, but hearts in group V rats 2

showed massive inflammation (stained light blue, which indi-

cates inflammation). The area of myocarditis in group IL-10 was 3.

smaller than that in group V (Figure 2).

Discussion

In the present study using a rat model of autoimmune myocar- 5-

ditis, we examined the effects of IL-10 on the prevention of

myocarditis. We found that IL-10 reduced heart weight and ¢,

myocardial inflammation and increased positive dP/dt.

Human dilated cardiomyopathy is thought to have a variety of
causes. Cardiac myosin-induced autoimmune myocarditis,
which is not exclusively related to viral infection, develops
clinicopathologically to resemble dilated cardiomyopathy in the
chronic phase. Thus, the present results provided some insight

into the effectiveness of IL-10 treatment against not only 9.

myocarditis but also dilated cardiomyopathy after myocarditis.
Gene transfer by electroporation, which uses plasmid DNA as

a vector, has several advantages over transfer using viral vectorsii.

A large quantity of highly purified plasmid DNA can be

. . ) . 2.
obtained easily and inexpensively. Gene transfer can be repeateé
without apparent immunological responses to the DNA vector. 13.

There is less likelihood of recombination events with the cellular
genome, eliminating the risk of insertional mutagenesis that is
associated with the use of viral vectors.

8.
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Skeletal muscle targeting in vivo
electroporation-mediated HGF gene therapy of
bleomycin-induced pulmonary fibrosis in mice
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Lung fibrosis is a common feature of interstitial lung diseases, and apoptosis and fibrinogenesis play critical
roles in its formation and progression. Hepatocyte growth factor (HGF) is one of the ideal therapeutic agents for
prevention of lung fibrosis because of its antiapoptotic and fibrinolytic effects. The aim of this study is to
establish nonviral HGF gene therapy of bleomycin-induced lung fibrosis avoiding the viral vector-related side
effects. C57BL/6 mice were injected with 3.0mg/kg body weight of bleomycin intratracheally. Following
bleomycin injection, 50 ul of pUC-HGF (1 mg/ml) was injected into each of the quadriceps muscle. Inmediately
after plasmid injection, in vivo electroporation was performed with pulse generator. Skeletal muscle-targeting
electroporation induced transgene expression on day 1 and persisted for 4 weeks, and human HGF was also
detected in the lung. In mice transferred with HGF, pathological score (1.0+0.3 vs 3.2+ 0.6), TUNEL-positive cell
index (4.5+1.1 vs 14.2+3.1), and hydroxyproline content (9.0+1.3 vs 14.4+5.1 umol/g) were significantly
reduced compared with the control. Furthermore, survival rate of HGF mice was significantly improved
compared with the control. Our data indicate that HGF gene therapy with a single skeletal muscle-targeting
electroporation has a therapeutic potential for bleomycin-induced lung fibrosis and this strategy can be applied
as a practical gene therapy protocol for various organs.

Laboratory Investigation (2004) 84, 836844, advance online publication, 3 May 2004; doi:10.1038/labinvest.3700098

Keywords: lung fibrosis; hepatocyte growth factor (HGF); gene therapy; in vivo electroporation

Pulmonary fibrosis is a common feature of inter-
stitial pulmonary diseases. These disorders are
progressive and refractory to current therapy and
the limited fundamental therapeutic options are
available to date." A number of animal models and
therapeutic agents were developed to explore the
possibility of a new fundamental strategy against
pulmonary fibrosis. Bleomycin-induced pneumopa-
thy is a well-established model of pulmonary
fibrosis, and the acute toxicity of bleomycin is
characterized as the DNA damage of pulmonary
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tissue, which results in apoptosis.? Following the
induction of apoptosis, immunological mechanisms
including the further induction of apoptosis are also
involved in the progression of the bleomycin-
induced pulmonary fibrosis.?

On the other hand, hepatocyte growth factor
(HGF) is mitogenic and antiapoptotic factor for
alveolar and bronchial epithelial cells. It also
stimulates the migration and morphogenesis of
those cells as reported in the previous in vitro
studies.*® Yaekashiwa et al° demonstrated that
continuous systemic injection of recombinant HGF
suppressed pulmonary fibrosis induced by bleomy-
cin in the mice model. HGF had significant effect
when it was administered simultaneously or subse-
quently to bleomycin treatment.® Although these
studies suggested the therapeutic potential of re-
combinant HGF for bleomycin-induced pulmonary
fibrosis, the feasibility of HGF gene transfer has not



been fully explored. When delivered to the lung in
vivo, in addition to the innate immune response or
nonspecific inflammation, cellular and humoral
immune responses are especially critical issues in
the use of viral vectors. Furthermore, pathologically
abnormal lungs present disease-specific barriers that
can limit gene transfer.”

In current clinical gene therapy, viral vector-
mediated gene transfer is the most popular gene
delivery system. On the other hand, serious con-
cerns regarding the possibility of insertional muta-
genesis and induction of the host immune response
limit their clinical desirability. When a retroviral
vector-mediated gene transfer was used, an anti-
hypertensive gene was transmitted to the offspring
and integrated into its genome.® In liver-directed
clinical gene therapy, adenoviral vector-mediated
gene transfer induced fulminant hepatic failure that
lead to mortality. Adenoassociate virus (AAV)
vector have been found to be efficient for transdu-
cing nonproliferating cells and is considered to be
nonpathogenic. Gene delivery by AAV vector also
appears to be the least immunogenic of the viral
vector systems. However, a major problem asso-
ciated with the use of AAV vector has been the
difficulty in producing large quantities of high-titer
stock.

Previously, to avoid these viral-vector related side
effects and complexity of viral gene transfer, we
developed nonviral gene gun-mediated gene trans-
fer'®? and in vivo electroporation.’® However, these
nonviral gene transfer methods also induced infil-
tration of inflammatory cells and mechanical da-
mage in targeted organs. Clinically, these nonviral
gene transfer-related side effects in diseased organs
are also critical.

We hypothesized that these nonviral gene trans-
fer-related side effects would be avoided with the
use of nondiseased-organ-targeting gene transfer.
Especially in lung disease, as a result of skeletal
muscle targeting gene transfer, secreted transgene
product would reach the lung through the blood-
stream with a certain concentration. Therefore, we
investigated the possibility of the in vivo electro-
poration-mediated HGF gene transfer targeting ske-
letal muscle for bleomycin-induced pulmonary
fibrosis in current study.

Materials and methods
Construction of Plasmid DNA

Human HGF cDNA (2.2kb) was inserted between
the EcoRI and Notl sites of the pUC-SR alpha
expression vector plasmid.™ In this plasmid, tran-
scription of HGF cDNA was under the control of the
SR alpha promoter. pPCAGGS-EGFP was generated as
a control vector using the modified pCAGGS
expression vector.*
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Animal Model of Pulmonary Fibrosis

Male pathogen-free C57BL/6 mice, 8 weeks old,
were obtained from Japan SLC (Shizuoka, Japan).
After measurement of their body weight, the animals
were anesthetized with intraperitoneal injection of
pentobarbital sodium (Dainippon Pharmaceutical,
Osaka, Japan), and the trachea was exposed follow-
ing a cervical incision. Bleomycin (3.0mg/kg of
body weight, Nippon Kayaku, Tokyo, Japan) was
dissolved in 50 ul of sterile saline and then injected
intratracheally with a 30-gauge needle.

In Vivo Electroporation-mediated Gene Transfer

Following bleomycin treatment, the bilateral quad-
riceps muscles were exposed by bilateral long-
itudinal incisions of the thigh. A volume of 50 ul of
pUC-HGF (1 mg/ml) was injected into each of the
quadriceps muscle with 30-gauge needle. Immedi-
ately after intramuscular injection of pUC-HGF, the
muscle was held by an electrode (Figure 1a) and in
vivo electroporation was performed with pulse
generator (Square Electroporator CUY 21; NEPA
GENE, Chiba, Japan). The voltage, pulse length,
and number of pulses of electroporation were 40V,
50ms, and 18 times, respectively. A total of 49 mice
were transferred with pUC-HGF, and another 49
mice were transferred with pCAGGS-EGFP as the
control. In all, 25 mice of each treatment group were
served for survival analysis until 28 days after
bleomycin injection and in vivo electroporation.
Six of residual 24 mice of each group were killed on
1, 3, 5, and 7 days after bleomycin injection and in
vivo electroporation. Then, gene expression of HGF
or green fluorescent protein (GFP), collagen content
of the lung, and histological findings including the
apoptosis were evaluated.

Detection of GFP and Human HGF Expression

The right quadriceps muscle and the left lobe of the
lung were excised then GFP expression was
detected with fluorescent stereomicroscopy. The left
quadriceps muscle and the right upper lobe of the
lung were excised and homogenized on ice after
dilution with an adequate volume of human HGF
extraction buffer (Institute of Immunology, Tokyo,
Japan). After centrifugation, the supernatant was
collected and stored at —80°C until assay. The
concentration of human HGF was determined by
means of enzyme-linked immunosorbent assay
(ELISA) using anti-human HGF monoclonal anti-
body (Institute of Immunology, Tokyo, Japan). The
antibody used in this study reacts specifically
with human HGF and has little crossreactivity with
mouse endogenous HGF.
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Figure 1 (a) Procedure of the skeletal muscle-targeting in vivo electroporation following intramuscular injection of plasmid DNA. (b-e)
Expression of GFP in the quadriceps muscle at day 1 (b), 5 (c), 7 (d), and 28 (e). Panel f represents the number of GFP positive mice.
Asterisk (*) indicates the data from bleomycin-untreated mice. (g and h) Concentration of human HGF in the unilateral quadriceps
muscle (g) or lung (h) at days 1, 3, 5, 7, 14, and 28; (®) human HGF level of mice transferred with pUC-HGF; (O) human HGF level of
mice transferred with pCAGGS-EGFP. Each plot represents the mean value from six mice.

Histological Analysis of In Vivo Electroporation-
induced Tissue Damage

To evaluate the tissue damage related to the in vivo
electroporation, the right quadriceps muscle was
fixed with 10% formaldehyde after the fluorescent
stereomicroscopy for GFP expression analysis. The
tissue was embedded in paraffin, and 4 ym section
of the quadriceps muscle was stained with hema-
toxylin—eosin.

Histological Analysis for Bleomycin-induced
Pulmonary Fibrosis

The left lobe of the lung was obtained after the
fluorescent stereomicroscopy for GFP expression

Laboratory Investigation (2004) 84, 836—844

analysis. After perfusion of the lung sample with
phosphate-buffered saline solution (PBS), lung
tissue was fixed by instilling 10% formaldehyde
and embedded in paraffin. A 4 um section of the
lung was used for Masson’s trichrome staining.
The section was reviewed under CCD microscopy
(CCD; DP-70 (Olympus, Tokyo, Japan), micro-
scope; Optiphot-2 (Nikon, Tokyo, Japan), objective
lens; x 20, adapter lens; x0.45, display size;
21"). The extent of pulmonary fibrosis was
evaluated according to the scoring system of
Ashcroft et al.’® A score ranging from 0 (normal
lung) to 8 (total fibrosis) was assigned for each of
the five microscopic fields. The mean score of all
fields was taken as the fibrosis score of lung
section.



Evaluation of Lung Collagen Content by
Hydroxyproline Assay

The right lower lobe of the lung was excised and its
hydroxyproline was measured. Briefly, after acid
hydrolysis of the lung with 6 N HCl at 110°C for 14 h
in a sealed glass tube, hydroxyproline content was
determined using high-performance liquid chroma-
tography.

Quantification of Apoptosis in Lung Tissue by
Terminal Deoxynucleotidyltransferase dUTP Nick
End Labeling

Terminal deoxynucleotidyltransferase dUTP nick
end labeling (TUNEL) in the left lobe of the lung
was performed with an in situ apoptosis detection
kit (Takara, Shiga, Japan) according to the manufac-
turer’s protocol. The number of TUNEL-positive
signals was counted in five fields under CCD
microscopy. Apoptotic cell index was presented as
the number of TUNEL-positive cells per 100 total
cells.

Statistical Analysis

Data are expressed as mean+s.d. The statistically
significant difference between treatments was as-
sessed using a one-way analysis of variance fol-
lowed by a parametric Student’s t-test. Survival rates
were estimated from survival curves based on the
Kaplan—Meier method and compared with the
Mantel-Cox log rank test. A P-value of less than
0.05 was considered significant.

HGF gene therapy of lung fibrosis
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Results

In Vivo Electroporation-mediated GFP Gene
Expression

To confirm the efficacy of gene transfer by skeletal
muscle-targeting in vivo electroporation, we detected
GFP expression under fluorescent stereomicroscopy.
The expression of GFP was exclusively detected
along the muscle fiber of enhanced GFP (EGFP)-
transferred quadriceps muscle on the day after
electroporation and persisted for 4 weeks (Figure
1b—f). Although GFP expression at day 28 was
observed in five of six mice transferred with EGFP,
the intensity of GFP in the quadriceps muscle at day
28 was slightly reduced compared with that mea-
sured in the early days. GFP expression was not
detected in the HGF-transferred mice nor the other
organs including the lungs of EGFP-transferred mice.

In Vivo Electroporation-mediated HGF Gene
Expression

The expression of human HGF was detected
in the quadriceps muscle of HGF-transferred mice
from the day after in vivo electroporation to day 28
using human HGF-specific ELISA (Figure 1g).
Concentration of human HGF in the unilateral
quadriceps muscle was peaked at day 3 (20.37+
12.69 ng/g of tissue weight) and gradually decreased
until day 28 (0.49+1.01ng/g of tissue weight).
Although human HGF in the lung was also detected
in the HGF-transferred mice and peaked at day 5
(0.93+1.41ng/g of tissue weight), its concentration

Figure 2 Histological damage of the quadriceps muscle induced by in vivo electroporation in GFP (a) or HGF (b)-transferred mice

(hematoxylin—eosin staining).
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Figure 3 (a-f) Lung sections of mice treated with bleomycin (Masson trichrome staining). (a-c) Lung sections of mice transferred with

PCAGGS-EGFP at day 7. (d-f) Lung sections of mice transferred with pUC-HGF at day 7.

was significantly lower than that in the quadriceps
muscle (Figure 1h). Throughout this experiment,
human HGF was not detected in the EGFP-trans-
ferred mice (Figure 1g, h).

Effect of In Vivo Electroporation on the Skeletal
Muscle

Histologically, skeletal muscle-targeting in vivo
electroporation induced minimal damage of the
skeletal muscle fiber and mild degree of influx of
inflammatory cells (Figure 2a, b). However, no
dysfunction of the lower limb was observed in
either group.

Effect of HGF Gene Transfer on Bleomycin-induced
Pulmonary Fibrosis

Histologic finding in control mice showed increased
cellularity and severe fibrotic changes. However,
those changes were minimum in the mice injected
with HGF. The fibrotic change of the lungs was
assessed by the Ashcroft’s numerical score at day 7.
The scores in the bleomycin-injected mice trans-
ferred with GFP (Figure 3a—c) and HGF (Figure 3d—f)
were 3.2+0.6 and 1.0+ 0.3, respectively (Figure 4a,
P<0.01).
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Figure 4 (a) Assessment of lung fibrosis using the Ashcroft’s
criteria for grading lung fibrosis at day 7. (b) Assessment of lung
collagen content using hydroxyproline assay at day 7.

Effect of HGF Gene Transfer on Hydroxyproline
Content of Bleomycin-injected Lung

Collagen content of the bleomycin-injected lung was
assessed by the hydroxyproline assay. There was a
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Figure 5 (a and b) Lung sections of mice treated with bleomycin (TUNEL staining). (a) Lung sections of mice transferred with pCAGGS-
EGFP at day 5. (b) Lung sections of mice transferred with pUC-HGF at day 5. (c) Apoptotic cell index at day 5 was presented as the

number of TUNEL-positive cells per 100 total cells.

significant decrease in lung hydroxyproline content
in mice transferred with HGF (9.0+1.3 umol/g of
tissue weight) compared with that in control mice
(14.4 +5.1 umol/g of tissue weight) at day 7 (Figure
4b, P<0.05).

Effect of HGF Gene Transfer on Apoptosis in
Bleomycin-injected Lung

Apoptotic cell index in bleomycin-injected lungs
was significantly reduced in mice transferred with
HGF (4.5+1.1) compared with GFP (14.2+3.1) at
day 5 (Figure 5a—c, P<0.0001).

Effect of HGF Gene Transfer on Survival after
Bleomycin Injection

In total, 25 mice transferred with HGF after
bleomycin treatment and 25 mice with GFP were
served for survival analysis. Within 28 days, three of
the mice with HGF and 20 with GFP had died. The
Mantel-Cox log rank test showed that the survival

100

80

60 p<0.0001

Survival (%)

40

7 14 21 28
Time (d)

Figure 6 Survival of the bleomycin-treated mice: (®) mice
transferred with pUC-HGF and (O) mice transferred with pCAGGS-
EGFP. Survival curves were presented as a Kaplan—-Meier plot.
Mantel-Cox log rank test was used for comparison of survival curves.

rate of mice with HGF was significantly improved
compared with that of control mice (Figure 6,
P<0.0001).
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Discussion

HGF" is a multipotent growth factor that acts as
mitogen,"* motogen,’® and morphogen® on various
epithelial cells. Furthermore, HGF also has an anti-
apoptotic effect on these cells*® and fibrinolytic
activity via upregulating urokinase-type plasmino-
gen activator expression.?"** Therefore, HGF has
been obtained as a protective agent for a variety of
organ disorders, such as liver cirrhosis,** intestinal
ischemia,** myocardial ischemia,*® and acute renal
failure.?®

On the other hand, pulmonary fibrosis is the most
common feature of interstitial pulmonary diseases
and this disorder is progressive and refractory to
current therapy. Limited fundamental therapeutic
options are available to date.” A number of animal
models and therapeutic agents were developed to
explore the possibility of a new fundamental
strategy against pulmonary fibrosis. Bleomycin-
induced pneumopathy is a well-established model
of pulmonary fibrosis. Acute toxicity of bleomycin is
characterized as the DNA damage of pulmonary
tissue, which results in apoptosis.? As found in
bleomycin-treated mice,?” Fas expression in bronch-
iolar and alveolar epithelial cells and upregulation
of Fas ligand (FasL) expression are also found in
clinical idiopathic pulmonary fibrosis patients.*®
Furthermore, an activation of apoptotic pathway
was found in acute respiratory distress syndrome
(ARDS),*® or other experimental models, such as
lipopolysaccharide,®**®*' hyperoxia,®*** asbestos,**
and ischemia/reperfusion-induced lung injury,*®
Thus, apoptosis is a common feature found in both
clinical and experimental models of lung injury.
Following the acute toxicity of bleomycin, immu-
nological mechanisms by T cells, its cytokines and
natural killer cells also concern the progression of
lung fibrosis.>***” In concurrence with these pro-
cesses, extravasation of plasma through hyper-
permeable vasculatures and injured alveolar walls
occurs and tissue factor triggers the coagulation
cascade, leading to fibrin deposition.*® Fibrin matrix
serves as a scaffold in which fibroblasts migrate and
induce collagen deposition.

From the therapeutic point of view, suppressions
of apoptosis and fibrinogenesis are critical in
prevention of the onset and progression of lung
fibrosis. As HGF has both antiapoptotic and fibri-
nolytic potential as described above, HGF is one of
the ideal therapeutic agents for lung fibrosis.
Yaekashiwa et al° reported that systemic injection
of recombinant HGF suppressed pulmonary fibrosis
induced by bleomycin in a mice model. Although
their study suggested the therapeutic potential of
HGF for bleomycin-induced pulmonary fibrosis,
relatively high dose and continuous administration
of recombinant HGF were required to induce those
therapeutic effects. Since HGF has a short half-life
(T,/, 3-5 min), HGF gene therapy would be desirable
from a clinical point of view.

Laboratory Investigation (2004) 84, 836—844

In current clinical gene therapy, viral vector-
mediated gene transfer is the most popular gene
delivery system. However, in the use of adenoviral
vector or retroviral vector, serious concerns regard-
ing the possibility of insertional mutagenesis and
induction of the host immune response limit their
clinical desirability. With regard to newly developed
AAV vector, it has been found to be efficient for
transducing nonproliferating cells and is considered
to be nonpathogenic. Gene delivery by AAV vector
also appears to be less immunogenic. However, a
major problem associated with the use of AAV
vector has been the difficulty in producing large
quantities of high-titer stock. Therefore, we pre-
viously explored the in vivo nonviral gene transfer
systems, such as particle delivery using gene gun'®"?
and electroporation using pulse generator," to avoid
these viral vector related problems.®® In the gene
gun-mediated gene transfer to the mice liver, gene
expression was observed even on day 1 and persisted
for 2-5 weeks, and exclusive in the gene gun
bombarded area.'® With a regard to in vivo electro-
poration, we investigated the feasibility of HGF gene
transfer via the portal vein in dimethylnitrosamine
(DMN)-induced rat liver fibrosis. HGF gene transfer
attenuated the fibrotic change and prolonged the
survival of DMN rats, and also reduced the apoptotic
cell death.”™ However, these nonviral gene transfer
methods also induced infiltration of inflammatory
cells and mechanical damage in the site of gene
transfer. On the other hand, in vivo lung-targeting
gene therapy has been challenging due to the
physical extracellular barriers, such as mucus,
mucociliary clearance and glycocalyx proteins, and
the innate or adaptive immunological systems.”
Preclinical and clinical studies of gene therapy for
cystic fibrosis suggested that current levels of gene
expression were too low to achieve clinical benefit.
Repetitive administrations of viral vectors were also
limited by the formation of neutralizing antibodies.
In addition, almost all previous studies including the
lung-directed one used the diseased organ as a target
site to induce efficient transgene expression locally.
However, we should avoid putting the diseased
organ at risk as the targets of gene transfer. Therefore,
in this study, we selected the skeletal muscle as a
gene transfer site using nonviral in vivo electropora-
tion system to avoid these problems in lung gene
therapy.

In vivo electroporation-mediated gene transfer
achieved rapid and persistent gene expression in
the skeletal muscle in this study. GFP expression
was detected on the day after gene transfer and
persisted for 28 days. GFP expression was exclu-
sively restricted to the quadriceps muscle. These
data were identical to the previous reports of in vivo
electroporation.®>*° On the other hand, in addition
to the electroporation-related tissue damage de-
scribed above, another problem of nonviral gene
transfer is lower transfection efficiency compared
with viral vector. Although human HGF in the



quadriceps muscle and the lung were also detected
at day 1 and peaked at days 3 and 5, respectively,
human HGF concentration in the lung was signifi-
cantly lower compared with that in the skeletal
muscle. However, its level would be efficient to
demonstrate the physiological effects according to
the previous reports on HGF gene therapy.’®*' As a
result of our observations, skeletal muscle-targeting
in vivo-electroporation could be performed with the
advantages of simplicity, safety, and without toxicity
to the diseased organ.

Suppressions of fibrinogenesis and apoptosis are
principal points in the therapy of lung fibrosis as
described above. Our results of hydroxyproline
assay and histological evaluation indicated the
certain effects of HGF gene transfer on suppression
of fibrinogenesis in the bleomycin-injected lung.
Furthermore, HGF gene transfer also reduced the
apoptosis of the bleomycin-injected lung signifi-
cantly. Concerning the survival analysis of bleomy-
cin-injected mice, Hattori et al** reported the
significant improvement of the survival rate of the
mice deleted for the plasminogen activator inhibi-
tor-1 (PAI-1) gene compared with that of wild-type
mice. They suggested that the protective effect of
PAI deletion could be attributed to the accelerated
clearance of fibrin matrices. Their result empha-
sized the importance of fibrinogenesis suppression.
In our study, the survival ratio of the bleomycin-
injected mice was significantly improved in HGF-
transferred mice compared with GFP mice.

With regard to the limitations of this study,
concentration of human HGF in the muscle
and the lung decreased to around undetectable
level of ELISA system at 28 days after gene
transfer. However, clinical efficiency of our
gene therapy protocol could be suggested by the
following point. First, the expression of GFP
in skeletal muscle was confirmed in five of six
mice at day 28 in our study. And in previous
reports regarding the skeletal muscle-targeting
electroporation, gene expression was confirmed
even in 15 weeks after gene transfer.*® Second, the
physiological effect of HGF would be expectable
even when its concentration decreased to undetect-
able level as reported previously.*' Third, skeletal
muscle-targeting  electroporation-mediated gene
transfer could be repeated without apparent im-
mune responses.**

Another problem of this study is electroporation-
related skeletal muscle damage. However, electro-
poration induced minimal damage of the skeletal
muscle and mild degree of influx of inflammatory
cells. And no dysfunction of the lower limb was
observed in either group. These changes induced by
electroporation were recovered within about 2
weeks in our preliminary study.

In conclusion, we developed a nonviral HGF gene
therapy of bleomycin-induced lung fibrosis with a
single skeletal muscle-targeting in vivo electropora-
tion for the first time. This procedure could be

HGF gene therapy of lung fibrosis
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applied as a practical gene therapy protocol of
various diseased organs.
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Among the nonviral techniques for gene transfer in vivo, the direct injection of plasmid DNA into
muscle is simple, inexpensive, and safe. Applications of this method have been limited by the relatively
low expression levels of the transferred gene. We investigated the applicability of in vivo electroporation
for gene transfer into muscle, using plasmid DNA expressing interleukin-5 (IL-5) as the vector. The tib-
ialis anterior muscles of mice were injected with the plasmid DNA, and then a pair of electrode needles
were inserted into the DNA injection site to deliver electric pulses. Five days later, the serum IL-5 levels
were assayed. Mice that did not receive electroporation had serum levels of 0.2 ng/ml. Electroporation
enhanced the levels to over 20 ng/ml. Histochemical analysis of muscles injected with a lacZ expression
plasmid showed that in vivo electroporation increased both the number of muscle fibers taking up plas-
mid DNA and the copy number of plasmids introduced into the cells. These results demonstrate that
gene transfer into muscle by electroporation in vivo is more efficient than simple intramuscular DNA

injection.

Keywords: drug delivery, gene therapy, DNA vaccine, cytokines

Plasmid DNA injected into skeletal muscle is taken up by
myofibers, and the genes in the plasmid vector can be expressed for
more than 2 months thereafter>. The postmitotic nature and
longevity of myofibers permits the stable expression of transfected
genes, although the transfected DNA does not usually undergo
chromosomal integration'”. Among nonviral techniques for gene
transfer, this method is simple, inexpensive, and safe"**’.

The relatively low expression levels attained by this method,
however, have limited its applications for uses other than asa DNA
vaccine”. Conditions that affect the efficiency of gene transfer by
intramuscular DNA injection and the fine structures of expression
plasmid vectors that may affect expression levels have been ana-
lyzed**’. Regenerating muscle produces 80-fold or more protein
than that produced by normal muscle following injection of an
expression plasmid”. Muscle regeneration has been induced by
treatment with cardiotoxin’ or bupivacaine™". By combining a
strong promoter and bupivacaine pretreatment, intramuscular
injection of an interleukin-5 (IL-5) expression plasmid results in
IL-5 production in muscle at a level sufficient to induce marked
proliferation of eosinophils in the bone marrow and eosinophil
infiltration of various organs”. A single intramuscular injection of
an erythropoietin expression plasmid into adult mice produced
physiologic elevations in serum erythropoietin levels and increased
hematocrits”. Hematocrits in these animals remained elevated at
>60% for at least 90 days after a single injection. These results sug-
gested that intramuscular DNA injection is a useful method of sys-
temically delivering cytokines, growth factors, and other serum
proteins. These improvements, however, have not been sufficient
to extend the application to human gene therapy.

Electroporation has been widely used to introduce DNA into
various types of cells in vitro. Gene transfer by electroporation in
vivo (DNA injection followed by application of electric fields) has
been effective for introducing DNA into mouse skin“, chick
embryos®, rat liver*, and murine melanoma”. Based on these find-
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ings, we examined the efficiency of IL-5 gene transfer into muscle
by electroporation in vivo.

IL-5 is involved in the growth and differentiation of B cells and
eosinophils™®”, IL-5 secreted from muscle into the systemic circula-
tion can be detected by ELISA. We transferred the gene using the
pCAGGS-IL-5 plasmid, which drives IL-5 cDNA expression under
the CAG (cytomegalovirus immediate-early enhancer-chicken 8-
actin hybrid) promoter. The CAG promoter has extremely high
activity in muscle, as demonstrated in both transgenic mice and
intramuscular DNA injection”. We show that gene transfer into
muscle by electroporation in vivo is more efficient than the tradi-
tional method of directly injecting DNA.

Results

In vivo electroporation. The pCAGGS-IL-5 expression plasmid”
was used to assess the efficiency of gene transfer into muscle by
electroporation in vivo. This vector was prepared by inserting an
IL-5 ¢cDNA into the pCAGGS expression vector containing the
CAG promoter™. Fifty micrograms each of covalently closed circu-
lar DNA of pCAGGS-IL-5 or control pCAGGS were injected into
the bilateral tibialis anterior muscles of 8-week-old female mice.
Three days before these muscles had been pretreated with bupiva-
caine to induce muscle regeneration™", which increases the effi-
ciency of gene transfer by direct DNA injection. A pair of electrode
needles with a 5 mm gap were inserted into the muscle to encom-
pass the DNA injection sites, and electric pulses were delivered
using an electric pulse generator. Three pulses of 50 V each were
delivered to each injection site at a rate of one pulse per s, each
pulse lasting for 50 ms. Then, three pulses of the opposite polarity
were applied.

Five days later, blood samples were obtained from the tail vein
of the treated mice, and their serum IL-5 levels were measured by
ELISA. In the mice injected with control plasmid, the IL-5 levels
were below the detection limit of the assay (<10 pg/ml; n = 4), irre-
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Figure 1. Voltage dependence of the efficiency of gene transfer by
electroporation in vivo. The bupivacaine-treated portions of the
bilateral tibialis anterior muscles were injected with pCAGGS-IL-5
plasmid DNA. Electric pulses of the indicated voltages were
delivered to the DNA injection site. Solid and open bars indicate
serum IL-5 levels 5 days and 3 weeks after electroporation,
respectively. Each value represents the mean IL-5 concentration +
standard deviation (SD) from three mice.

spective of the administration of electric pulses. The IL-5 levels in
the mice injected with pCAGGS-IL-5 were 210+120 pg/ml (n = 3)
without electropulsation, but 12,000+3640 pg/ml (n=6) with elec-
tropulsation.

In the following experiments, the conditions affecting the effi-
ciency of gene transfer by electroporation were examined in detail.
The amount and concentration of pCAGGS-IL-5 DNA injected
were fixed at 50 pg per site and 1.5 pg/pl in saline, respectively.

Direction of electric field. To determine whether the direction
of electric field relative to that of muscle fibers affects the efficiency
of gene transfer, electric pulses of 60 V were delivered either in a
longitudinal or a transverse direction relative to the muscle fibers.
To fit the tibialis anterior muscles between a pair of electrodes, we
used electrodes with a 3 mm gap in this experiment. Five days later,
serum IL-5 levels were measured by ELISA to evaluate the efficien-
cy of DNA transfer. There were no significant differences between
longitudinal (310041390 pg/ml; n=3) and transverse (40001730
pg/ml; n=3) electric field directions. Because the tibialis anterior
muscles of mice are small and it is difficult to insert a pair of elec-
trodes into them in a transverse orientation, electric pulses were
delivered in a longitudinal direction in the following experiments.

Effect of bupivacaine pretreatment on gene transfer by electro-
poration. Bupivacaine or cardiotoxin pretreatment, which induces
muscle necrosis and regeneration, enhances the efficiency of gene
transfer by intramuscular DNA injection™""'. To examine whether
bupivacaine pretreatment enhances the efficiency of gene transfer
into muscle cells by electroporation in vivo, electric pulses of 50 V
were applied to bupivacaine-pretreated and nontreated muscles.
Five days later, the serum IL-5 levels were not significantly different
between bupivacaine-pretreated mice (13,800+3280 pg/ml; n=3)
and nontreated mice (15,000+1710 pg/ml; n=3). Three weeks after
electroporation, the serum IL-5 levels of nontreated mice
(19304580 pg/ml) were higher than those of bupivacaine-treated
mice (8804420 pg/ml). These results indicate that bupivacaine pre-
treatment does not improve the effect of electroporation in vivo
and that, in fact, the muscle necrosis induced by bupivacaine may
reduce the long-term expression of the transferred genes.
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Figure 2. Time course of IL-5 expression after transfer of pPCAGGS-IL-
5 plasmid by electroporation in vivo. The bilateral tibialis anterior
muscles were injected with pCAGGS-IL-5 plasmid DNA. Electric
pulses of 100 V were delivered to the DNA injection sites. Serum
samples were obtained on the indicated days after electroporation
and measured for IL-5 by ELISA. Each value represents the mean IL-
5 concentration + SD from three mice.

Effect of electrode voltage on gene transfer by electroporation.
To optimize the voltage of the electric pulses used for electropora-
tion in vivo, we compared the serum IL-5 levels of mice subjected
to electroporation at various electrode voltages. In this experiment,
the pulse length (50 ms), number of pulses (6), and DNA concen-
tration (1.5 pg/pl in saline), which can all affect the efficiency of
gene transfer, were fixed. Immediately after DNA injection, elec-
trode needles with a 5 mm gap were inserted to encompass the
DNA injection sites, and electric pulses of different voltages were
administered. Five days later, serum IL-5 levels were measured. The
serum IL-5 levels increased nearly in proportion to the voltage up
to 100 