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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 (800mg 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 myocarditis.(Circulation. 2001;104:1098-1100.)
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Human myocarditis can be classified into lymphocytic
myocarditis and giant cell myocarditis according to

histopathological findings. Giant cell myocarditis is a fatal
disease, and survivors are more likely to develop dilated
cardiomyopathy than patients with lymphocytic myocardi-
tis.1,2 The efficiency of immunosuppressive therapy for this
disease is controversial.1,2

In a rat model in which myocarditis was induced by purified
cardiac myosin, T cells were reported to play an important role
in inducing myocarditis.3–5 Immune dysfunction associated with
autoimmune disease may be related to an imbalance between T
helper type 1 and 2 cells.6 The T helper type 2–associated
cytokine interleukin (IL)-10 has a variety of immunomodulatory
properties, including the inhibition of T helper type 1 cells and
the production of proinflammatory cytokines.7,8 Recent reports
have suggested that the immunosuppressive effects associated
with IL-10 are effective in suppressing the rejection of trans-
planted organs and immune complex diseases, and clinical trials
of IL-10 have been performed in patients with these
disorders.9,10

Electroporation has been widely used to introduce DNA into
various types of cells in vitro. Gene transfer by electroporation in

vivo has been effective for introducing DNA into mouse skin,
chick embryos, rat liver, and murine melanoma and muscle.11–13

We previously showed that gene transfer into muscles by
electroporation in vivo can be used to deliver cytokines system-
ically.13,14 In the present study, we applied this method for the
delivery of IL-10 in a rat model of autoimmune myocarditis.

Methods

Animals
Nine-week-old male Lewis rats were injected with the antigen-
adjuvant emulsion in their foot pads according to the procedure
described previously.3–5 The morbidity of experimental autoimmune
myocarditis was 100% in rats immunized by this method.3–5

Throughout the studies, all animals were treated in accordance with
the guidelines for animal experiments of our institute.5

Construction of Mouse IL-10 Expression Vector
Mouse IL-10 (mIL-10) cDNA cloned by polymerase chain reaction was
inserted into the uniqueXho I site between the cytomegalovirus
immediate early enhancer-chickenb-actin hybrid promoter and rabbit
b-globin poly A site of the pCAGGS expression plasmid.13,14 The
resulting plasmid, pCAGGS-IL-10, was grown inEscherichia coliDH
5a and prepared using plasmid purification columns (EndFree plasmid
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
plasmid DNA was stored at220°C and diluted to 4mg/mL with
phosphate-buffered saline (pH 7.4) immediately before use.

Intramuscular DNA Injection and Electroporation
Rats were anesthetized with diethyl ether. Aliquots of 50mL of
plasmid DNA (pCAGGS-IL-10 or control pCAGGS) at 4mg/mL in
phosphate-buffered saline were injected 4 times (total amount of
DNA was 800mg per rat) into the bilateral tibialis anterior muscles
using a disposable insulin syringe with a 27-gauge needle.13 A pair
of electrode needles with a gap of 5 mm were inserted into the
muscle to a depth of 5 mm to encompass the DNA injection sites,
and electrical pulses were delivered 4 times at 100 V using an
electrical pulse generator (Electro Porator CUY21; TR Tech).13

Treatment Protocols

Protocol 1: Time Course of Changes in Serum mIL-10 Levels
After Administration of mIL-10 Plasmid to Normal Rats
Single Administration of mIL-10 Plasmid

The mIL-10 expression plasmid pCAGGS-IL-10 was transferred
once at a dose of 800mg per rat into the tibialis anterior muscles of
normal Lewis rats (n55) by electroporation in vivo, and the serum
mIL-10 levels were monitored. The time course of changes in serum
mIL-10 levels was examined on days 0, 2, 4, 6, 8, 10, and 14 after
transfer of pCAGGS-IL-10 using an ELISA kit (Endogen).
Administration of mIL-10 Plasmid 3 Times

The mIL-10 plasmid was administered 3 times to normal rats (n55).
After the first injection of mIL-10 plasmid, second and third injections
were added on days 10 and 20. Serum mIL-10 levels were examined on
days 6, 16, and 26.

Protocol 2: Preventive Effects of mIL-10 Plasmid
Administration in Myocarditis
Lewis rats were inoculated with pig myosin (day 0). The results of
protocol 1 indicated that the serum levels of mIL-10 were enhanced
to .50 pg/mL until day 10 after mIL-10 plasmid administration.
pCAGGS-IL-10 (at a dose of 800mg per rat) was administered 3
times (5 days before immunization and on days 7 and 14) to rats
(group IL-10; n515), and controls received empty pCAGGS (group
V; n515). Lewis rats without any treatment were used as age-
matched normal controls (group N; n510).

Myocardial histopathology and hemodynamic parameters were ex-
amined on day 21 as described previously.5 Briefly, rats were anesthe-
tized with 2% halothane in O2 during surgical procedures, and then the
halothane concentration was reduced to 0.5% to minimize hemodynam-
ic effects. Mean blood pressure, central venous pressure, peak left
ventricular pressure, left ventricular end-diastolic pressure, and dP/dt
were recorded as described previously.5 The 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
mid-ventricle slice and stained with hematoxylin-eosin and
Azan-Mallory.

Statistical Analysis
Data are presented as mean6SEM. Statistical analysis between the
groups was performed by one-way ANOVA followed by Tukey’s
method. Differences were considered significant atP,0.05.

Results
Protocol 1: Time Course of Changes in Serum
mIL-10 Levels After Administration of mIL-10
Plasmid to Normal Rats

Single Administration of mIL-10 Plasmid
The levels of serum mIL-10 on days 2 (126614 pg/mL), 4
(308616 pg/mL), 6 (320623 pg/mL), 8 (192634 pg/mL), 10
(8269 pg/mL), and 14 (3568 pg/mL) were significantly
higher (allP,0.01) than on day 0 (not detected). The level of

mIL-10 peaked on day 6. These mIL-10 levels were.50
pg/mL until day 10 and were greater than the peak value of
serum rat IL-10 during the natural course of progression of
myocarditis in this model (4264 pg/mL on day 27).

Administration of mIL-10 Plasmid 3 Times
The levels of serum mIL-10 on days 6, 16, and 26 were
332646, 286648, and 218642 pg/mL, respectively.

Protocol 2: Preventive Effects of mIL-10 Plasmid
Administration in Myocarditis

Clinical Course in Rats with Myocarditis
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
group V (9 of 15; 60%). Six rats in group V died between
days 19 and 21, and all hearts from these rats showed
extensive myocarditis and massive pericardial effusion.

Body Weight, Heart Weight, and Serum Levels of mIL-10
Body weights did not differ between rats in groups IL-10 and
V. Heart weight and the heart weight to body weight ratio
were significantly greater in group V (1.6260.05 g and
6.5060.23 g/kg, respectively) than those in groups IL-10
(1.1760.02 g and 4.8060.10 g/kg; bothP,0.01) and N
(1.0260.02 g and 2.4560.06 g/kg; bothP,0.01).

Although serum levels of mIL-10 in both groups V and N
were below the level of detection, that in group IL-10 was
125616 pg/mL on day 21.

Hemodynamic Parameters
Central venous pressure and left ventricular end-diastolic
pressure were significantly higher and mean blood pressure,

Figure 1. Effects of mIL-10 on hemodynamic parameters. Adminis-
tration of mIL-10 improved central venous pressure (CVP), mean
blood pressure (mean BP), peak left ventricular pressure (LVP) and
1dP/dt. LVEDP indicates left ventricular end-diastolic pressure. There
were 9 rats in groups V and N and 8 rats in group IL-10.
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left ventricular pressure, and dP/dt were lower in group V
than in group N (allP,0.01; Figure 1).

Central venous pressure was significantly lower and the mean
blood pressure, left ventricular pressure, and1dP/dt were signifi-
cantly higher in group IL-10 than group V. The left ventricular
end-diastolic pressure and2dP/dt did not differ between groups
IL-10 and V.

Quantitative Analysis of Myocardial Inflammation
Although massive pericardial effusion was observed in most
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
showed massive inflammation (stained light blue, which indi-
cates inflammation). The area of myocarditis in group IL-10 was
smaller than that in group V (Figure 2).

Discussion
In the present study using a rat model of autoimmune myocar-
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
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 vectors.
A large quantity of highly purified plasmid DNA can be
obtained easily and inexpensively. Gene transfer can be repeated
without apparent immunological responses to the DNA vector.
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.

The present study indicated that delivery of IL-10 expression
plasmid DNA by electroporation provided marked cardioprotec-
tion in a rat model of autoimmune myocarditis and may help
clarify the mechanisms of the protective effect of IL-10 when
used for the treatment of myocarditis in humans.
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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 3.0 mg/kg body weight of bleomycin intratracheally. Following
bleomycin injection, 50 ll of pUC-HGF (1 mg/ml) was injected into each of the quadriceps muscle. Immediately
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 (1.070.3 vs 3.270.6), TUNEL-positive cell
index (4.571.1 vs 14.273.1), and hydroxyproline content (9.071.3 vs 14.475.1 lmol/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, 836–844, 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.1 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

tissue, which results in apoptosis.2 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.3

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.4,5 Yaekashiwa et al6 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.6 Although these
studies suggested the therapeutic potential of re-
combinant HGF for bleomycin-induced pulmonary
fibrosis, the feasibility of HGF gene transfer has not
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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.7

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.8 In liver-directed
clinical gene therapy, adenoviral vector-mediated
gene transfer induced fulminant hepatic failure that
lead to mortality.9 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-
fer10–12 and in vivo electroporation.13 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 (2.2 kb) was inserted between
the EcoRI and NotI sites of the pUC-SR alpha
expression vector plasmid.14 In this plasmid, tran-
scription of HGF cDNA was under the control of the
SR alpha promoter. pCAGGS-EGFP was generated as
a control vector using the modified pCAGGS
expression vector.15

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 (3.0 mg/kg of
body weight, Nippon Kayaku, Tokyo, Japan) was
dissolved in 50 ml 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 ml 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 40 V,
50 ms, 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 �801C 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.

HGF gene therapy of lung fibrosis
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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 4mm 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

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 4mm 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; � 20, adapter lens; � 0.45, display size;
2100). The extent of pulmonary fibrosis was
evaluated according to the scoring system of
Ashcroft et al.16 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.

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; (K) human HGF level of mice transferred with pUC-HGF; (J) human HGF level of
mice transferred with pCAGGS-EGFP. Each plot represents the mean value from six mice.
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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 1101C 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 mean7s.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.

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 (20.377
12.69 ng/g of tissue weight) and gradually decreased
until day 28 (0.4971.01 ng/g of tissue weight).
Although human HGF in the lung was also detected
in the HGF-transferred mice and peaked at day 5
(0.9371.41 ng/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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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 3.270.6 and 1.070.3, respectively (Figure 4a,
Po0.01).

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

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.

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.
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significant decrease in lung hydroxyproline content
in mice transferred with HGF (9.071.3 mmol/g of
tissue weight) compared with that in control mice
(14.475.1 mmol/g of tissue weight) at day 7 (Figure
4b, Po0.05).

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 (4.571.1) compared with GFP (14.273.1) at
day 5 (Figure 5a–c, Po0.0001).

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

rate of mice with HGF was significantly improved
compared with that of control mice (Figure 6,
Po0.0001).

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.

Figure 6 Survival of the bleomycin-treated mice: (K) mice
transferred with pUC-HGF and (J) 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.
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Discussion

HGF17 is a multipotent growth factor that acts as
mitogen,14 motogen,18 and morphogen19 on various
epithelial cells. Furthermore, HGF also has an anti-
apoptotic effect on these cells20 and fibrinolytic
activity via upregulating urokinase-type plasmino-
gen activator expression.21,22 Therefore, HGF has
been obtained as a protective agent for a variety of
organ disorders, such as liver cirrhosis,23 intestinal
ischemia,24 myocardial ischemia,25 and acute renal
failure.26

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.1 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.2 As found in
bleomycin-treated mice,27 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.28

Furthermore, an activation of apoptotic pathway
was found in acute respiratory distress syndrome
(ARDS),29 or other experimental models, such as
lipopolysaccharide,30,31 hyperoxia,32,33 asbestos,34

and ischemia/reperfusion-induced lung injury,35

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.3,36,37 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.38 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 al6 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
(T1/2 3–5 min), HGF gene therapy would be desirable
from a clinical point of view.

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 gun10–12

and electroporation using pulse generator,13 to avoid
these viral vector related problems.8,9 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.10 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.13 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.7

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.39,40 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
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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.13,41 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 al42 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.43 Second, the
physiological effect of HGF would be expectable
even when its concentration decreased to undetect-
able level as reported previously.41 Third, skeletal
muscle-targeting electroporation-mediated gene
transfer could be repeated without apparent im-
mune responses.44

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

applied as a practical gene therapy protocol of
various diseased organs.
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Toll-like receptors (TLRs) recognize microbial components and trigger the signaling cascade that activates the
innate and adaptive immunity. TLR adaptor molecules play a central role in this cascade; thus, we hypothesized that
overexpression of TLR adaptor molecules could mimic infection without any microbial components. Dual-promoter
plasmids that carry an antigen and a TLR adaptor molecule such as the Toll–interleukin-1 receptor domain-
containing adaptor-inducing beta interferon (TRIF) or myeloid differentiation factor 88 (MyD88) were constructed
and administered to mice to determine if these molecules can act as an adjuvant. A DNA vaccine incorporated with
the MyD88 genetic adjuvant enhanced antigen-specific humoral immune responses, whereas that with the TRIF
genetic adjuvant enhanced cellular immune responses. Incorporating the TRIF genetic adjuvant in a DNA vaccine
targeting the influenza HA antigen or the tumor-associated antigen E7 conferred superior protection. These results
indicate that TLR adaptor molecules can bridge innate and adaptive immunity and potentiate the effects of DNA
vaccines against virus infection and tumors.

Vaccines have played a substantial role in controlling epi-
demic diseases since Jenner’s innovation. However, despite the
competency of current biomedical sciences, some pathogens
remain in place and pose a serious threat. Although DNA
vaccines have been highlighted for their potential to conquer
such uncontrolled pathogens, the magnitude of the immune
response elicited by DNA vaccines in larger animals, including
humans, has been disappointing (3). Numerous strategies have
been explored to improve their immunogenicity, ranging from
the use of gene guns and electroporation to improve vaccine
uptake, to the coadministration of cytokines and chemokines
to boost local immunity, to the use of “combination” vaccines
that boost immunity with protein- or vector-based components
(13). One promising strategy is the use of adjuvants that en-
hance DNA-raised immune responses (17).

One important class of immune adjuvants triggers the innate
immune system via Toll-like receptors (TLRs) (10, 19). These
agents mimic infection by microbes, thereby eliciting the innate
immune responses required for subsequent acquired immune
activation against immunogens. However, the strong immuno-
stimulatory properties of TLR ligands may induce unwanted
side effects, ranging from local irritation to systemic shock (2).
TLR ligands may also exacerbate preexisting neuronal or au-
toimmune diseases (7, 14, 16). To circumvent these complica-

tions, we examined whether TLR adaptor molecules in cells
transfected together with DNA vaccines augment adaptive im-
mune responses while avoiding adverse reactions.

TLR-mediated cell activation proceeds through two distinct
pathways. The first pathway depends on an adaptor molecule,
myeloid differentiation factor 88 (MyD88), that transduces
downstream events leading to nuclear factor �B (NF-�B) ac-
tivation (27). MyD88 associates with the proximal TIR do-
mains of TLRs, initiating a signaling cascade that involves
activation of interleukin-1 (IL-1) receptor-associated kinase
(IRAK) family members and tumor necrosis factor (TNF)
receptor-associated factor 6 (TRAF6) (28). This pathway is
triggered by TLR2, TLR4, TLR5, TLR7, TLR8, and TLR9
(26). In the case of TLR7 and TLR9, the MyD88-dependent
pathway also triggers phosphorylation of interferon regulatory
factor 7 (IRF-7) by IRAK1, which leads to alpha interferon
(IFN-�) production (35). Toll–IL-1 receptor domain-containing
adaptor-inducing IFN-� (TRIF) and the TRIF-related adaptor
molecule (TRAM) mediate a MyD88-independent alternative
pathway. Once TRIF binds to activated TLR3 or TLR4, it inter-
acts with TRAF6, inducible IKK, and TANK-binding kinase 1,
mediating the induction of IFN-� through the activation of
NF-�B and IRF-3 (8). Overexpression of these adaptor molecules
is proven to turn on downstream cellular signaling in the absence
of TLRs or TLR ligands (11, 29); thus, we intended to use TLR-
adaptor molecules as genetic adjuvants.

The present study shows that DNA vaccine immunogenicity
is enhanced by cotransfection of MyD88 and TRIF. The TRIF
genetic adjuvant improved the protective effect of DNA vac-
cines against lethal influenza virus challenge and tumor out-
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growth, a result that may have an impact on current vaccine
development targeting emerging viral infections and tumors.

MATERIALS AND METHODS

Expression plasmids. cDNA fragments encoding immunogens and TLR adap-
tor molecules were amplified from parental plasmids by PCR and subcloned into
the pGA vector. The FLAG-tagged expression plasmids CMV4-MyD88, CMV4-
TRIF, CMV4-TIRAP, CMV4-TOLLIP, CMV4-IRAK1, and CMV4-TRAF6
have been described previously (29). LacZ or EGFP cDNA was amplified from
pSV-�-Galactosidase (Promega, Madison, WI) or pEGFP-N1 (BD Biosciences,
San Jose, CA), respectively. Influenza virus A/PR/8/34 (H1N1) HA (amino acids
18 to 566) was amplified from pJW4303/H1 and introduced into the pFLAG-
CMV9 vector (Sigma, St Louis, MO). cDNA encoding E749 attached to the
carboxy terminus of EGFP was cloned into pGA vector (4). Sequences of cloned
PCR products were confirmed with an ABI PRISM Genetic Analyzer (PE
Applied Biosystems, Foster City, CA).

Cell transfection and reporter gene assay. Transient transfections were con-
ducted with FuGene 6 (Roche Diagnostics, Indianapolis, IN) according to the
manufacturer’s protocol. HEK293 cells (3 � 104) were cotransfected with each
expression plasmid (CMV4, CMV4-MyD88, CMV4-TRIF, CMV4-TIRAP, CMV4-
TOLLIP, CMV4-IRAK1, CMV4-TRAF6, pGA-LacZ, pGA-LacZ-MyD88, or
pGA-LacZ-TRIF [200 ng]), the reporter plasmid (p5xNF-�B-luc or pGL3
hIFN� [25 ng]), and the control Renilla luciferase (LUC) plasmid (pTK-RL [25
ng]; Promega, Madison, WI). Cells were incubated for 48 h after transfection,
and LUC activity was measured with the Dual Luciferase Reporter Assay System
(Promega) according to the manufacturer’s protocol. Alternatively, LacZ activity
was measured with a �-Gal Reporter Gene Assay kit (Roche Diagnostics).
Finally, firefly LUC activity or LacZ activity of individual cell lysates was nor-
malized to Renilla LUC activity.

Immunization schedule. Eight-week-old female BALB/c and C57BL/6 mice
were purchased from SLC (Shizuoka, Japan) and housed in an animal facility
under specific-pathogen-free conditions. After anesthetizing with a ketamine/
xylazine mixture, the mice (eight mice/group) were injected in the quadriceps
muscles with a plasmid solution (1 �g/�l saline, 50 �l/muscle) containing
either pGA-LacZ, pGA-LacZ-MyD88, pGA-LacZ-TRIF, pGA-GFP, pGA-
GFP-MyD88, pGA-GFP-TRIF, CMV9-HA, CMV9-HA-TRIF, pGA-GFP-E7,
or pGA-GFP-E7-TRIF. The injection site was electroporated with a field
strength of 30 V/cm (constant) and three pulses of 50 ms each, by using
CUY21EDIT (NepaGene, Tokyo, Japan). The booster immunization was given
2 or 4 weeks after the primary immunization. The institutional animal care and
welfare committee approved all of the animal experiments, and the mice were
treated in accordance with NIH animal care guidelines.

ELISA. Serum antibody (Ab) titers were measured by enzyme-linked immu-
nosorbent assay (ELISA), as described previously (30).

RT-PCR. Splenocytes were harvested 2 weeks after the final immunization.
The cells were incubated with 1 �g/ml of H-2d-restricted LacZ class I peptide
(TPHPARIGL), E7 peptide (RAHYNIVTF), or NP peptide (ASNENMDAM)
for 24 h at 37°C. Alternatively, inguinal lymph node (LN) cells were harvested 24
or 72 h after the final immunization. Total RNA was isolated as described
previously (31). Real-time PCR (RT-PCR) was performed with TaqMan probes
(Applied Biosystems, Foster City, CA) specific for IFN-�, IL-12 p40, IL-18, IL-4,
IL-6, IFN-�, TNF-�, IP-10, JE/MCP-1, major histocompatibility complex class I
(MHC-I) (D1), MHC-II (Ea), CD40, CD80, CD86, or 18S rRNA and an ABI
PRISM 7700 sequence detection system (Applied Biosystems). The relative
mRNA expression levels of IFN-�, IL-12 p40, IL-18, IL-4, IL-6, IFN-�, TNF-�,
IP-10, JE/MCP-1, MHC-I (D1), MHC-II (Ea), CD40, CD80, and CD86 in the
individual samples were normalized to 18S rRNA levels.

CTL assay. Splenocytes were harvested 2 weeks after the final immunization.
The cytotoxic T-lymphocyte (CTL) isolates (effector cells) were prepared after
incubation with 1 �g/ml of H-2d-restricted LacZ class I peptide and 20 U/ml of
IL-2 (Sigma) for 4 days at 37°C. P815 cells pulsed with 1 �g/ml of H-2b-restricted
LacZ class I peptide (DAPIYTNV [control peptide]) or H-2d-restricted LacZ
class I peptide were used as the target cells. The target cells (1 � 104) were
cultured with increasing numbers of the effector cells for 4 h. The amount of
lactate dehydrogenase released from target cells was measured by the Cytotox 96
(Promega) system, and the percentage of specific lysis was calculated according
to the manufacturer’s protocol.

Influenza challenge. Two weeks after the booster immunization with pGA-
GFP, CMV9-HA, or CMV9-HA-TRIF, the mice were challenged intranasally
with 1 � 104 PFU (4 50% lethal doses [LD50]) or 5 � 104 PFU (20 LD50) of
influenza virus A/PR/8/34 (21). The body weight and the mortality of the chal-
lenged mice were monitored for the next 10 days.

FIG. 1. Characterization of TLR adaptor molecules as activators of
the NF-�B and IFN-� promoters. (A) HEK293 cells (4 � 105) were
cotransfected with 25 ng of pTK-RL and 25 ng of 5� NF-�B-luc or
pGLhIFN�-luc, plus 250 ng of each indicated expression plasmid for
TLR adaptor molecules. Firefly LUC activity was assayed 48 h after
transfection and normalized to Renilla LUC activity. Values are means
� standard deviations for three independent experiments. The relative
LUC activity of cells transfected with 5� NF-�B-luc plus CMV4-
MyD88 was significantly higher than that with 5� NF-�B-luc plus any
other plasmid (P 	 0.0001). The relative LUC activity of cells trans-
fected with pGLhIFN�-luc plus CMV4-TRIF was significantly higher
than that with pGLhIFN�-luc plus any other plasmid (P 	 0.0001).
(B) Schematic diagram of a DNA vaccine expressing a single antigen
alone (pGA-LacZ, pGA-GFP, CMV9-HA, and pGA-GFP-E7) or both
antigen and adjuvant molecules (pGA-LacZ-MyD88, pGA-GFP-
MyD88, pGA-LacZ-TRIF, pGA-GFP-TRIF, CMV9-HA-TRIF, and
pGA-GFP-E7-TRIF). (C) HEK293 cells (4 � 105) were transfected as
described above. Values are means � standard deviations for three
independent experiments. Significances of differences are as follows:
c and d, P 	 0.01; e and f, P 	 0.001; a and b, P 	 0.0001.
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HI assay. Sera were collected 2 weeks after the booster immunization with
pGA-GFP, CMV9-HA, or CMV9-HA-TRIF. Hemagglutinin inhibition (HI)
titers were determined by using influenza virus A/PR/8/34, as described previ-
ously (4).

Tumor transplantation. Three days before the primary immunization with
pGA-GFP, pGA-GFP-E7, or pGA-GFP-E7-TRIF, the mice were administered
subcutaneously 2.5 � 104 cells of TC-1, a mouse lung carcinoma expressing E7
antigen. The size of the local tumor mass was monitored for the next 4 weeks.

Statistical analysis. All experiments were repeated at least twice. Statistical
significance was evaluated by Student’s t test, a one-way analysis of variance using
the Bonferroni method, or nonparametric survival analysis using the Kaplan-
Meier method, with a P value of 	0.05 considered statistically significant.

RESULTS

Activation of NF-�B and IFN-� promoters by overexpres-
sion of TLR adaptor molecules. To identify candidate mole-
cules that might serve as adjuvants for DNA vaccines, a variety
of TLR adaptor molecules, including MyD88, TRIF, TIR do-
main-containing adaptor protein/MyD88 adaptor-like protein
(TIRAP/Mal), Toll-interacting protein (TOLLIP), IRAK1,
and TRAF6, were tested for the ability to activate the NF-�B
and IFN-� promoters of HEK293 cells. NF-�B up-regulates
the expression of cytokine, chemokine, and costimulatory mol-
ecules central to activation of the innate immune system. Type
I IFNs, such as IFN-� and IFN-�, play critical roles in the
innate immune response. As shown in Fig. 1A, MyD88 was the
most potent inducer of NF-�B activation, while TRIF induced
the strongest activation of the IFN-� promoter (P 	 0.0001).
Thus, these two molecules were selected for further evaluation
as candidate genetic adjuvants.

Activity of dual-promoter plasmids encoding antigen plus
MyD88 or TRIF. To optimize analysis of their adjuvant activity,
dual-promoter plasmids were constructed to coexpress LacZ (a
surrogate antigen) plus MyD88 or TRIF (Fig. 1B) in a single
backbone. Our dual-promoter strategy ensures that the TLR
adaptor molecules and an antigen are simultaneously present
in the same cells. The ability of these combination plasmids to
promote antigen expression was examined in HEK293 cells.
Transfection with pGA-LacZ-MyD88 resulted in a 7.8-fold
increase in NF-�B-dependent LUC activity compared to con-
trol plasmid (pGA-LacZ) (Fig. 1C) (P 	 0.0001). Transfection
with pGA-LacZ-TRIF resulted in an 11.7-fold increase in
IFN-� promoter-dependent LUC activity compared with the
control plasmid (Fig. 1C) (P 	 0.001). The levels of LacZ
expression were similar in all groups (Fig. 1C). These data
demonstrate that antigen expression is comparable among the
groups, but innate cell signaling is activated in cells transfected
with the combination plasmids of LacZ and a TLR adaptor
molecule.

The MyD88-expressing DNA vaccine enhances humoral im-
munity. Mice were immunized and boosted 4 weeks later by
intramuscular electroporation (imEPT) with the pGA-LacZ,
pGA-LacZ-MyD88, or pGA-LacZ-TRIF DNA vaccine. Four
weeks after primary immunization, all three groups developed
similarly low immunoglobulin G (IgG) anti-LacZ Ab responses
(Fig. 2A). By comparison, animals immunized and boosted
with pGA-LacZ-MyD88 generated sevenfold-higher serum
IgG anti-LacZ titers at week 6 than did recipients of the con-
trol pGA-LacZ or pGA-LacZ-TRIF plasmid (Fig. 2A) (P 	
0.01). This improved humoral response was primarily due to
the 15-fold-higher IgG2a anti-LacZ response elicited by pGA-

FIG. 2. MyD88 enhances humoral immunity, whereas TRIF en-
hances cellular immunity. (A and B) Five mice/group were immunized
at 0 and 4 weeks with pGA-LacZ, pGA-LacZ-MyD88, or pGA-LacZ-
TRIF by imEPT. Blood was drawn at 4 and 6 weeks, and serum
anti-LacZ Ab titers were monitored by ELISA. IgG (panel A), IgG1
(panel B, open bars), and IgG2a (panel B, filled bars) titers were
examined by ELISA. (C) Splenocytes were prepared from individual
mice and stimulated in vitro with 1 �g/ml of class I (H-2d) peptide
(filled bars) or class I (H-2b) peptide (open bars) for 24 h. mRNA was
extracted and reverse transcribed. Aliquots of the reaction were ex-
amined for IFN-�, IL-4, and 18S rRNA levels. The levels of IFN-� and
IL-4 mRNA expression were normalized to the levels of 18S rRNA
and described as relative levels of mRNA expression. The graphs
present means � standard deviations. (D) Effector CTL isolates were
prepared as described in Materials and Methods. MHC haplotype-
matched (H-2Kd) P815 cells were pulsed with 1 �g/ml of class I (H-2d)
peptide (filled symbols) or class I (H-2b) peptide (empty symbols) for
1 h and used as target cells. The effector and target cells were mixed at
effector-to-target ratios of 6 to 50 and cultured for 4 h, and the lactate
dehydrogenase activity of the culture supernatants was assayed. The
graph shows the mean percent specific lysis � standard deviation
calculated as described in Materials and Methods. F and E, pGA-
LacZ; Œ and ‚, pGA-LacZ-MyD88; ■ and �, pGA-LacZ-TRIF. Sig-
nificances of differences are as follows: a (B), b (B), a (C), and c (C),
P 	 0.05; a (A), b (A), b (C), c (D), and f (D), P 	 0.01; b (D) and e
(D), P 	 0.001; a (D), d (D), and g (D), P 	 0.0001.

6220 TAKESHITA ET AL. J. VIROL.



LacZ-MyD88 (Fig. 2B) (P 	 0.05). These results suggest that
overexpression of MyD88 improves induction of Th1-depen-
dent antigen-specific humoral immunity to an antigen coex-
pressed by the same DNA vaccine.

Cellular immune responses modulated by the MyD88 and
TRIF genetic adjuvants. The antigen-specific cytokine produc-
tion by bulk splenocytes from mice 2 weeks post-boost was
analyzed. Splenocytes were restimulated in vitro with a LacZ-
derived H-2d-restricted MHC-I peptide, and mRNA levels for
IFN-� and IL-4 were quantified by RT-PCR. Splenocytes from
the pGA-LacZ-MyD88- and pGA-LacZ-TRIF-treated groups
produced 2.4- and 6.6-fold more IFN-� mRNA than cells from
the control group (Fig. 2C) (P, 	0.05 and 	0.01, respectively).
There was no difference between groups with respect to IL-4
mRNA expression (Fig. 2C). Finally, CTL activity was exam-
ined by the lysis of P815 (H-2Kd) cells pulsed with a class I
LacZ peptide. CTL isolates from pGA-LacZ-TRIF-vaccinated

animals showed the strongest lytic activity (Fig. 2E) (P, 	0.001
at all effector-to-target ratios), although those from pGA-
LacZ-MyD88-vaccinated mice also exceeded the response of
controls (Fig. 2D) (P 	 0.01). These results indicate that
MyD88 and TRIF can act as genetic adjuvants to enhance the
induction of a Th1-dominated cellular immune response to a
coexpressed antigen encoded by a DNA vaccine.

TRIF genetic adjuvant increases the number of CD11c� and
CD40� cells in draining LNs. The immune response induced
by DNA vaccines is dependent on transfected antigen-present-
ing cells (APCs) reaching the draining LNs (1, 5, 20). A single-
cell suspension was prepared from inguinal LNs 3 days after
boosting, and cell frequencies were determined by surface
staining. Compared with resting LNs, the number of CD11c�

dendritic cells (DCs) increased significantly within 72 h of
imEPT delivery of plasmid (Table 1) (P 	 0.01). The pGA-
GFP-TRIF plasmids significantly increased the number of
CD40� cells present in draining LNs compared with control
plasmid, suggesting that these genetic adjuvants might increase
the number of mature B lymphocytes, activated T lymphocytes,
and CD40� DCs at that site (Table 1) (P 	 0.05).

Effect of TRIF genetic adjuvant on cytokine, chemokine, and
cell surface molecule expression in draining LNs. Inguinal
LNs were removed 24 and 72 h after booster immunization,
and changes in mRNA expression for various cytokines, che-
mokines, and cell surface molecules were quantified by RT-
PCR. The levels of IFN-� and Th1 cell-promoting cytokines,

FIG. 3. Activation of cells present in draining LNs after imEPT with the MyD88 or TRIF genetic adjuvant. Twenty-four or 72 h after booster
immunization with 50 �g of pGA-GFP or pGA-GFP-TRIF by imEPT, draining LNs (inguinal LNs, 10/group) were removed. Sample mRNA was
extracted and reverse transcribed, and then the cDNA aliquots were assessed for expression of IFN-�, IL-12 p40, IL-18, IL-4, IL-6, IFN-�, TNF-�,
IP-10, JE/MCP-1, MHC-I, MHC-II, CD40, CD80, and CD86 by RT-PCR. The graph shows means � standard deviations for samples prepared
from 10 individual LNs. Significances of differences are as follows: a, d, i, j, l, and m, P 	 0.05; b, c, e, f, g, h, and k, P 	 0.01.

TABLE 1. Characterization of draining LN cells present after
vaccine administration

Cell type
No. of cells (mean � SD) after indicated treatmenta

None pGA-GFP pGA-GFP-TRIF

CD11c� 1.01 � 0.21*† 2.60 � 0.41* 3.36 � 0.50†
CD40� 12.68 � 2.66§ 16.58 � 4.62¶ 36.49 � 4.41§¶

a Significances of differences are as follows: *, §, and ¶, P 	 0.01; †, P 	 0.001.
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including IL-12 p40 and IL-18, were significantly up-regulated
72 h after immunization with pGA-GFP-TRIF compared to
control groups (Fig. 3) (P 	 0.05). Th2 cytokine mRNAs,
including IL-4 and IL-6, were also up-regulated at 72 h (P 	
0.05). Factors regulating APC function (i.e., IFN-�, TNF-�,
IP-10, and JE/MCP-1) and elements associated with APC
function (i.e., MHC-II, CD40, CD80, and CD86) were consis-
tently increased 72 h after immunization with pGA-GFP-TRIF
compared to control plasmid (Fig. 3) (P 	 0.05).

Incorporation of TRIF genetic adjuvant into DNA vaccines
targeting influenza and tumors. To explore whether TRIF
could contribute to improving the protective effect of a DNA
vaccine, vectors targeting the influenza HA antigen and the

tumor-associated antigen E7 were constructed (Fig. 1B). Mice
primed and boosted with each HA-encoding vaccine were chal-
lenged intranasally 2 weeks later with 4 to 20 LD50 of live
influenza virus A/PR/8/34. Two outcomes of disease were mon-
itored: weight loss and mortality. Animals immunized with the
irrelevant pGA-GFP plasmid uniformly demonstrated severe
weight loss and subsequently died (Fig. 4A and B). Vaccination
with CVM9-HA protected approximately half of the mice from
low-dose challenge but 	20% of animals from higher-dose
challenge. In contrast, the CMV9-HA-TRIF vaccine protected
all mice from low-dose challenge and 70% of mice from
high-dose influenza virus challenge (P 	 0.05). The HI titer
was determined as shown in Fig. 4C. CMV9-HA-TRIF and

FIG. 4. TRIF increases the protective activity of an influenza HA-encoding DNA vaccine. Ten mice/group were immunized at 0 and 4 weeks
with 2 �g of pGA-GFP, CMV9-HA, or CMV9-HA-TRIF by imEPT. Two weeks later, they were challenged with 4 or 20 LD50 of influenza virus
A/PR/8/34. (A) Percent change in body weight compared to day zero. (B) Survival rates monitored for the following 12 days. E, pGA-GFP;
Œ, CMV9-HA; F, CMV9-HA-TRIF. �, P 	 0.01. (C) HI titers measured with sera obtained 2 weeks after booster immunizations.

6222 TAKESHITA ET AL. J. VIROL.



CMV9-HA raised comparable levels of HI activity, suggesting
that the TRIF genetic adjuvant raised a stronger innate and/or
cellular immune response, which may confer superior protec-
tion in combination with the humoral immune response (Fig.
4C). Mice that had been established with subcutaneous tumors
were primed and boosted with each E7-expressing vaccine.
Tumor masses grew steadily in mice vaccinated with the irrel-
evant pGA-GFP plasmid (Fig. 5A). pGA-GFP-E7 treatment
partially protected against tumor outgrowth, while pGA-GFP-
E7-TRIF progressively protected (Fig. 5A). This observation
was in accordance with the levels of E7-specific IFN-� produc-
tion from splenocytes of immunized mice (Fig. 5B). These
results clearly indicate that the TRIF genetic adjuvant can
improve the protective effect of DNA vaccines in infectious

and neoplastic disease models, both major targets of current
vaccine development.

DISCUSSION

There is an urgent need to develop effective vaccines against
emerging infectious diseases and biothreat pathogens (12, 13).
DNA vaccines represent a promising strategy for accomplishing
this goal, but their success has been limited due to poor immu-
nogenicity in large animals. We postulated that TLR adaptor
molecules might be used as genetic adjuvants to promote immu-
nity against DNA vaccine-encoded antigens by their nature as
activators of innate immune responses. To minimize potential
side effects, these agents were incorporated into the antigen-
encoding plasmid, thereby insuring their targeting to cells con-
tributing to the induction of protective immunity. Initial results
demonstrated that both MyD88 and TRIF were functionally ac-
tive, enhancing antigen-specific humoral and/or cell-mediated im-
mune responses in vivo. Of greater importance, the addition of
TRIF significantly improved the protective activity of an HA-
encoding DNA vaccine in mice challenged with influenza virus
and the therapeutic activity of an E7-encoding DNA vaccine in
mice transplanted with lung carcinoma cells.

Incorporating cassettes expressing the MyD88 or TRIF gene
into DNA vaccine vectors increased the size of the DNA by 2.1
and 3.7 kb, respectively. Since the size of the DNA vaccine
generally affects in vivo transfection efficiency (6, 15), plasmids
containing the genetic adjuvant cassettes were less-effective
inducers of target molecule expression (data not shown). Since
IFNs and proinflammatory cytokines have the ability to sup-
press virus promoters, such factors induced by genetic adju-
vants might inhibit the levels of antigen expression. How-
ever, DNA vaccine immunogenicity was improved by
increasing the expression of MyD88 or TRIF in transfected
cells. MyD88 plays an essential role in DC maturation,
thereby improving CD8� T-lymphocyte priming via cross-
presentation (18). MyD88-deficient mice have a profound de-
fect in the activation of antigen-specific Th1 immune responses
(23). TLR3-deficient mice exhibit impaired CTL cross-priming
of antigens associated with virus-infected cells, indicating that
TLR3-mediated TRIF-dependent signaling provides an impor-
tant link between innate and acquired immunity following virus
infection (24). Type I IFNs play a key role in maintaining
innate and acquired immunity. Mice lacking type I IFN recep-
tors or signaling molecules exhibit defective immune responses
to eliminate cancer cells and cells infected by viruses (32). Recent
studies have demonstrated that TLR-mediated cellular signaling
is also mediated by IRF-3 or IRF-7, which serves as a crucial
transcription factor regulating the production of IFN-� or IFN-�,
respectively (9). In this regard, we demonstrated previously that
IRF-3 and IRF-7 genetic adjuvants are both effective at amplify-
ing DNA vaccine-raised immune responses (22).

A numbers of cytokines, hematopoietic factors, and costimula-
tory molecules have been tested for the ability to act as genetic
adjuvants (25, 33, 34). However, the immunological processes
associated with stimulation through these molecules are down-
stream of the activation of the innate immune system mediated by
MyD88 and TRIF following TLR ligation. We therefore hypoth-
esized that increasing expression of these molecules would im-

FIG. 5. TRIF increases the protective activity of a tumor-associ-
ated antigen E7-encoding DNA vaccine. (A) Three days before vacci-
nation, mice were challenged with 2.5 � 104 TC-1 cells. Ten mice/
group were immunized at 0 and 2 weeks with 20 �g of pGA-GFP,
pGA-GFP-E7, or pGA-GFP-E7-TRIF by imEPT. Tumor outgrowth
was monitored for the following 4 weeks. E, pGA-GFP; Œ, pGA-GFP-
E7; F, pGA-GFP-E7-TRIF. �, P 	 0.05. (B) Splenocytes were pre-
pared 2 weeks after the booster immunization and stimulated in vitro
with 1 �g/ml of E7 peptide (filled bars) or NP peptide (open bars) for
24 h. The relative IFN-� mRNA expression levels were measured as
described in the legend to Fig. 2. �, P 	 0.01. The graphs present
means � standard deviations.
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prove the signaling cascade required for activation of both innate
and subsequent adaptive immune responses.

In conclusion, the present study demonstrates that TLR
adaptor molecules, particularly TRIF, can improve the immu-
nogenicity and protective and therapeutic effects of DNA vac-
cines. These findings may open a new avenue for designing
vaccines that elicit both innate and adaptive immunity, mim-
icking the effects of live pathogen exposure. Following up the
present study with further vaccination studies that involve
TRIF genetic adjuvant targeting of a variety of microbial and
tumor antigens is necessary to realize the value of this novel
approach.
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EP protocol of gene delivery into mouse’ s leg atYokohama City University 

Target 
Impedance 

(Ω) 
Voltage 
（Ｖ） 

Pulse length 
（ｍsec） 

Pulse interval 
(ｍsec) No. of pulses 

Measured Current 
(A) 

3 0.18 
Right leg 240 30 50 100 

3* 0.21  
3 0.18 

Left leg 222 30 50 100 
3* 0.20  
3 0.19 

Right leg 218 30 50 100 
3* 0.21  
3 0.15 

Left leg 277 30 50 100 
3* 0.16  
3 0.14 

Right leg 294 30 50 100 
3* 0.17  
3 0.12 

Left leg 277 30 50 100 
3* 0.12  
3 0.15 

Right leg 264 30 50 100 
3* 0.17  
3 0.12 

Left leg 298 30 50 100 
3* 0.13  

*Reverse polarity 
 




