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Effects of Viral Interleukin 10 Introduced by in vivo
Electroporation on Arthrogen-Induced Arthritis in Mice
TAKESHI KURODA, HIROKI MARUYAMA, MASAAKI SHIMOTORI, NOBORU HIGUCHI, SHIGEMI KAMEDA,
HIDEAKI TAHARA, JUN-ICHI MIYAZAKI, and FUMITAKE GEJYO

ABSTRACT. Objective. Viral interleukin 10 (vIL-10) has a variety of immunomodulatory properties. We examined
the applicability of vIL-10 gene transfer to the treatment of mice with arthrogen-collagen-induced
arthritis (CIA), which is induced by anti-type II collagen antibodies.
Methods. One day after anti-type II collagen antibodies were injected into mice, 400 µg of plasmid
DNA expressing vIL-10 (pCAGGS-vIL-10) was injected into the bilateral tibialis anterior muscles fol-
lowed by in vivo electroporation consisting of four 50-ms electric pulses of 100 V (pCAGGS-vIL-10
mice). pCAGGS (400 µg) was similarly injected into control mice (pCAGGS mice).
Results. We observed high serum vIL-10 levels in the pCAGGS-vIL-10 mice, but no vIL-10 was detect-
ed in the serum of the pCAGGS mice. Using quantitative real-time polymerase chain reaction, we
observed that the ratios of IL-6, tumor necrosis factor-α, and IL-1ß transcripts to those of G6PDH in
the joints were significantly lower in the pCAGGS-vIL-10 mice than in the pCAGGS mice (p < 0.05).
The pCAGGS-vIL-10 mice showed significant therapeutic effects: the severity of the macroscopic
arthritis was significantly suppressed from Days 5 to 21 (p < 0.0001), and the histologically observable
development of arthritis was also suppressed in these mice on Day 21 (p < 0.0001).
Conclusion. These results demonstrated that pCAGGS-vIL-10 gene transfer by in vivo electroporation
suppressed arthrogen-CIA. (J Rheumatol 2006;33:455–62)
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Collagen-induced arthritis (CIA) is commonly used as a
rheumatoid arthritis (RA) model for screening antirheumatic
drugs, because it has a number of similarities to human RA1,2.
In the CIA model, anti-type II collagen (CII) antibody plays
an important role and induces arthritis in mice by passive
transfer2. An arthritis model using a mixture of 4 monoclonal
anti-CII antibodies has been established3,4. There are many
advantages of the monoclonal antibody-induced arthritis
model. First, severe arthritis is induced within 24–48 h instead
of the 4 weeks required to induce arthritis after immunization
with type II collagen. Second, unlike the collagen-induced

model, which requires a restricted MHC haplotype4, the Mab
model can be induced in all strains of mice. Thus, this model
is ideal for screening therapeutics for the treatment of arthritis
and to study the mechanisms involved in the development of
arthritis. In RA, not only anti-CII antibodies but also inflam-
matory cytokines are believed to be involved in the develop-
ment of arthritis5-11.

RA is believed to result from an imbalance in the produc-
tion of proinflammatory and antiinflammatory cytokines. T
helper 1 (Th1) cell activity and consequently the production of
proinflammatory cytokines such as interleukin 1 (IL-1) and
tumor necrosis factor-α (TNF-α) have been reported to play a
major role in the pathogenesis of RA. IL-10 and IL-4, both
produced by Th2 cells, are cytokines that possess the capaci-
ty to downregulate proinflammatory responses. Both Th1 cell
activation and persistent IL-1 and TNF-α production have
been shown to predominate in RA joints12. Studies have
shown that inhibition of IL-1, IL-6, and TNF-α production or
neutralization of these cytokines in vitro results in the protec-
tion of human articular cartilage. Investigators have also
addressed the potential therapeutic role of regulatory
cytokines, and several studies have shown that IL-10 protein
administered systemically before or at the time of onset of the
symptoms of CIA results in significant amelioration of dis-
ease. During the remission phase of CIA, significant amounts
of IL-10 are produced, and IL-10 has been observed in the
synovium and alongside other regulatory cytokines, IL-4 and
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transforming growth factor-ß (TGF-ß), and cytokine
inhibitors, IL-1Ra, and soluble TNF receptor.

The murine and human IL-10 cDNA sequences exhibit
strong homology to an open reading frame in the Epstein-Barr
virus (human herpes virus 4) BamHI C fragment rightward-
reading frame 1, termed viral IL-10 (vIL-10)13,14. The human
and vIL-10 mature protein sequences are 84% identical, with
most of their divergence found in the NH2-terminal 20 amino
acids. vIL-10 shares many of the immunosuppressive proper-
ties of human IL-10 and murine IL-10, but lacks their
immunostimulatory properties15,16. Because of these proper-
ties, vIL-10 is considered to have superior potential as a ther-
apeutic, compared with IL-10.

A gene therapy system providing continuous delivery may
be more effective than an intermittent one. The skeletal mus-
cle is a convenient target for direct plasmid DNA transfer
aimed at delivering therapeutic proteins systematically with a
high degree of safety. Plasmid vectors are inefficiently taken
up by muscle cells and manifest a relatively low level of
expression compared with viral vectors. A large quantity of
highly purified plasmid DNA is easily and inexpensively
obtained. Gene transfer can be repeated without apparent
common responses to the DNA vector. Recently, it was report-
ed that in vivo electroporation after intramuscular DNA injec-
tion greatly enhances gene transfer into mouse muscles17.

We investigated the therapeutic effects of expressing the
vIL-10 gene in muscle of arthritic mice by using injection fol-
lowed by in vivo electroporation to deliver the vIL-10 expres-
sion plasmid vector pCAGGS-vIL-10, which expresses the
vIL-10 cDNA under the CAG (cytomegalovirus immediate-
early enhancer/chicken ß-actin hybrid) promoter18.

MATERIALS AND METHODS
Animals. Six-week-old male DBA1/J mice were purchased from Seac
Yoshitomi, Fukuoka, Japan, and maintained under specific pathogen-free
conditions in our animal facility.

Plasmid DNA. Plasmid pCAGGS-vIL-10 was constructed by inserting vIL-10
cDNA into a unique EcoRI site of the pCAGGS expression vector bearing the
CAG promoter. The vIL-10 cDNA was derived from pcDSRa-BCRF. Plasmids
were grown in Escherichia coli DH5α cells, and prepared using a Qiagen
EndoFree plasmid Giga kit (Qiagen GmbH, Hilden, Germany), as described
by the manufacturer. The empty pCAGGS plasmid was used as a control.

Induction of arthritis by anti-collagen antibody. Arthrogen-CIA antibody kits
were purchased from Immuno-Biological Laboratories, Gunma, Japan, and
arthritis was induced using an established protocol13. Each mouse received 2
mg of 4 different anti-collagen type II Mab (2 mg/500 µl/body) by intra-
venous injection via the tail vein on Day 0. Lipopolysaccharide (LPS; 50
µg/100 µl/body) was injected intraperitoneally 3 days later. The mice were
evaluated daily for the presence of arthritis. Two to 3 days after LPS injection,
the mice developed swollen wrists, ankles, and digits. The mice were evalu-
ated daily for the severity of arthritis visually, and judged to be arthritic if one
or more joints (digits, wrists, ankles) were red and swollen. Analysis of sever-
ity was performed by a blinded observer. The severity of arthritis in each limb
was evaluated using an established macroscopic scoring system, 0 to 4 for
each limb, as described19. In this scoring system, 0 = normal; 1 = mild but
definite redness and swelling of the ankle or wrist, or redness and swelling of
any severity for one digit; 2 = moderate to severe redness and swelling of the
ankle or wrist; 3 = redness and swelling of the entire foot including the dig-
its; and 4 = maximally inflamed limbs with involvement of multiple joints.

Treatment protocols for in vivo electroporation. Mice were anesthetized with
diethyl ether. Electric pulses were delivered by an electric pulse generator
(Electro-Square Porator T820; BTX, San Diego, CA, USA), and monitored
by a graphic pulse analyzer MVC540R; BTX) as described17. Plasmid DNA
(4 injections of 50 µl in each side at a concentration of 2.0 µg/ml, for a total
of 400 µg/mouse) was injected into the bilateral tibialis anterior muscles fol-
lowed by in vivo electroporation as described17, on Day 1. Briefly, a pair of
electrode needles with a 5-mm gap was inserted into the muscle to a depth of
5 mm to encompass the DNA injection sites. In the following experiments,
four 50-ms pulses of 100 V followed by another 4 pulses of the opposite
polarity were administered to each injection site at a rate of 1 pulse/s. Needle-
type electrodes 10 mm in length and 0.4 mm in diameter were used, with a
fixed distance of 5 mm between them. The electrodes were inserted into the
bilateral femoral muscles in parallel with the body surface.

Immunoassay of serum vIL-10. Sera were collected from blood samples on
Days 0, 7, 14, and 21 and stored at –80°C until tested. The circulating vIL-10
level was measured for each individual using a specific ELISA. The wells of
the ELISA plates were coated with 2 µg/ml monoclonal rat antibody specific
for human IL-10 (clone JES3-9D7; PharMingen, Carlsbad, CA, USA) at 4°C
overnight, followed by 3 washes with phosphate buffered saline (PBS)-0.05%
Tween-20 (PBS/Tween). The plates were blocked by incubation with PBS-
1% bovine serum albumin for 1 h at room temperature. After washing with
PBS/Tween, appropriately diluted samples were added to the wells. The
plates were incubated at 4°C overnight and washed with PBS/Tween.
Biotinylated rat anti-human and anti-vIL-10 Mab (JES3-12G8; PharMingen)
diluted to 2 µg/ml was added to the wells, and the plates were incubated at
room temperature for 3 h with agitation. After the wells were washed 3 times
with PBS/Tween, diluted streptavidin-horseradish peroxidase was added to
them, and the plates were incubated at room temperature for 30 min. Finally,
the wells were washed 3 times and substrate (o-phenylenediamine) was
added. Absorbance was measured at 492 nm by a Multiskan MS-UV
microplate reader (Labsystems, Helsinki, Finland). Recombinant vIL-10
(PharMingen) was used as a standard, and the linear range of this ELISA sys-
tem was from 30 to 2000 pg/ml. All samples were measured in duplicate.

Serum IL-6, TNF-α, and IL-1ß assay. Sera were collected from blood samples
on Days 0, 7, 14, and 21 and stored at –80°C until cytokine concentrations
were measured using specific ELISA. Mouse serum IL-6, TNF-α, and IL-1ß
levels were measured using mouse ELISA kits (PharMingen). All samples
were measured in duplicate.

Reverse transcriptase-polymerase chain reaction (PCR) analysis. One day
after in vivo electroporation, we sacrificed mice that had received 400 µg of
PCAGGS-vIL-10, and harvested the muscle. The total RNA of the muscle
sample was isolated using Isogen (Nippon Gene, Tokyo, Japan) and used for
the synthesis of first-strand cDNA with Moloney murine leukemia virus
reverse transcriptase (RT; Gibco BRL, Rockville, MD, USA) and random
hexamers (Promega, Madison, WI, USA). The RT product was amplified by
PCR with Taq DNA polymerase (Promega) and specific primers as follows:
vIL-10 backward primer, 5’-ACG ACT GAA GGC ATC TCT TAG-3’; vIL-
10 forward primer, 5’-TCT GAC TGA CCG CGT TAC TC-3’; mouse house-
keeping gene, G3PDH, backward primer, 5’-TCC ACC ACC CTG TTG CTG
TA-3’; and G3PDH forward primer, 5’-ACC ACA GTC CAT GCC ATC AC-
3’. We designed the vIL-10 forward primer to hybridize with the sequence
immediately downstream of the transcriptional start site of the CAG promot-
er. There is an intron between the CAG promoter and the vIL-10 cDNA in
pCAGGS vIL-10. The primer set for detection of the vIL-10 mRNA was
designed to encompass intronic sequences, allowing us to distinguish any
possible PCR products from contaminating plasmid or genomic DNA. The
primer set used for the detection of G3PDH mRNA was also designed to span
introns. The RT-PCR products were analyzed by 4% agarose gel elec-
trophoresis. The length of the expected products was 210 bp for vIL-10
mRNA and 452 bp for G3PDH mRNA.

RNA excretion from the inflammatory joint and quantitative real-time PCR
analysis. On Day 7 after in vivo electroporation, mice that had received 400
µg of pCAGGS-vIL-10 were sacrificed and the bilateral knee joints and
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femoral muscles were harvested. Total RNA of the samples was isolated with
Isogen and used for the synthesis of first-strand cDNA using Moloney murine
leukemia virus reverse transcriptase and random hexamers. The RT product
was amplified by PCR with Taq DNA polymerase and specific primers as fol-
lows. Mouse IL-6 forward: 5’-GAT GCT ACC AAA CTG GAT ATA ATC-3’,
mouse IL-6 backward: 5’-GGT CCT TAG CCA CTC CTT CTG TG-3’,
mouse TNF-α forward: 5’-CAT CTT CTC AAA ATT CGA GTG ACA A-3’,
mouse TNF-α backward: 5’-TGG GAG TAG ACA AGG TAC AAC CC-3’,
mouse IL-1ß forward: 5’-CAA CCA ACA AGT GAT ATT CTT CAT G-3’,
mouse IL-1ß backward: 5’-GAT CCA CAC TCT CCA GCT GCA-3’, mouse
interferon-γ (IFN-γ) forward: 5’-TCAAGT GGC ATA GAT GTG GAA GAA-
3’, mouse IFN-γ backward: 5’-TGG CTC TGC AGG ATT TTC ATG-3’,
mouse G6PDH forward: 5’-TTC ACC ACC ATG GAG AAG GC-3’, and
mouse G6PDH backward: 5’-GGC ATG GAC TGT GGT CAT GA-3’. To
determine the levels of the following cytokines in the bilateral knee joints and
the bilateral femoral muscles, we performed quantitative real-time PCR
analysis using the LightCycler Quick system 330 (Roche Diagnostics,
Mannheim, Germany). The PCR was performed with LightCycler-FastStart
DNA Master SYBR Green I (Roche Diagnostics), according to the manufac-
turer’s protocol, and using the primer pairs described above. The PCR con-
sisted of 95°C for 10 min, then a total of 40 cycles of 95°C briefly, 62°C for
10 s, and 72°C for 13 s with temperature transitions controlled using the
LightCycler analysis software (version 3, Roche Diagnostics). A standard
curve for the plasmids was prepared, and the standard error was < 0.001. The
results were calculated initially as the number of target molecules/2 µl cDNA.
To standardize the results for variability in RNA and cDNA quantity and qual-
ity, we quantified the total number of G6PDH transcripts in each sample as an
initial control. Normalized levels of the cytokine transcripts were calculated
as the ratio of the number of cytokine transcripts to G6PDH transcripts. We
confirmed the RT-PCR products by 4% agarose gel electrophoresis. 

Histology. On Day 20 after in vivo electroporation, mice were sacrificed and
paws that had shown evidence of arthritis were retained, fixed in formalin,
and decalcified before staining with hematoxylin and eosin (H&E). Sagittal
sections of the proximal interphalangial joint were examined under blind con-
ditions for inflammatory infiltrates and erosion of the bone and cartilage.
Samples were excised, fixed in 10% formalin-buffered saline, and decalci-
fied. Tissues were dehydrated in a graded series of alcohol solutions, embed-
ded in paraffin, sectioned at 5 µm, mounted on glass slides, stained with H&E
using standard techniques, and examined by light microscopy.
Histopathologic analysis was performed by a blinded observer. Inflammation
was scored using an adaptation of the scoring system of Ginsberg, et al19 as
follows: 0 = no inflammation, 1 = mild, 2 = moderate, 3 = severe, and 4 =
very severe with cartilage damage.

Statistical analysis. The data were presented as the mean value ± standard
deviation. Statistical analysis was performed using the Mann-Whitney U-test
and Student’s t test. P values < 0.05 were considered statistically significant.

RESULTS
RT-PCR of mRNA expression of plasmid in muscle. Low lev-
els of vIL-10 mRNA were detected in the muscle by RT-PCR.
As shown in Figure 1, expression of vIL-10 mRNA was
observed in muscle transfected with pCAGGS-vIL-10 with in
vivo electroporation, but not in mice receiving pCAGGS on
Days 1, 7, and 14. G3PDH mRNA was detected at almost
equal levels in all specimens.

Serum vIL-10 levels. DBA/1J mice received injections of plas-
mid DNA (total 400 µg/mouse) in the bilateral tibialis anteri-
or muscles followed by in vivo electroporation. Serum sam-
ples were collected on Days 0, 7, 14, and 21. As expected, the
serum vIL-10 levels in the PCAGGS mice were < 30 ng/ml,
the detection limit of the assay, at each timepoint. On the other

hand, the serum vIL-10 levels in the PCAGGS-vIL-10 mice
gradually increased, to 740.0 ± 561.1 ng/ml on Day 7, peaked
at 1414.5 ± 1274.0 ng/ml on Day 14, and decreased to 361.0
± 270.1 ng/ml on Day 21 (Figure 2). The serum vIL-10 levels
in the pCAGGS-vIL-10 mice were significantly elevated on
Days 7 and 14 compared with the levels in pCAGGS mice.
These results indicated that a continuous delivery of vIL-10
for more than 7 days could be achieved in mice by in vivo
electroporation.

Serum TNF-α, IL-6, and IL-1ß levels. We next examined the
effect of pCAGGS-vIL-10 and pCAGGS on serum TNF-α,
IL-6, and IL-1ß levels (Table 1). The serum levels of these
cytokines in the pCAGGS-vIL-10 group (n = 10) and the
pCAGGS group (n = 10), on Days 0, 7, 14, and 21 after
arthrogen injection were not significantly different from the
serum levels on Day 0 before the injection, for both groups.
The serum levels of the cytokines in the pCAGGS-vIL-10
mice on Days 7, 14, and 21 after arthrogen injection were not
significantly different from the serum levels in the pCAGGS
mice on the same days after arthrogen injection. These results
suggested that neither the cocktail injection nor the pCAGGS-
vIL-10 electroporation affected the serum levels of TNF-α,
IL-6, and IL-1ß.

Quantitative RT-PCR analysis of mRNA expression levels in
muscle. To clarify the mechanism of the favorable effects of
vIL-10 on arthrogen-CIA, the expression levels of inflamma-
tory genes in the joints on Day 7 were measured by RT-PCR.
In the vIL-10-treated mice, the expression levels of IL-6,
TNF-α, and IL-1ß mRNA were 26%, 48%, and 24%, respec-
tively, of the levels seen in the empty vector-treated mice (IL-
6, p < 0.05; TNF-α, p < 0.05; IL-1ß, p < 0.05) (Figures 3A,
3B, 3C). Although the expression of IFN-γ was 48% of the
level seen in the pCAGGS-treated mice, this difference was
not statistically significant (Figure 3D). These data suggested
that vIL-10 suppressed the inflammatory genes of IL-6, TNF-
α, and IL-1ß in the joints.

Effect of pCAGGS-vIL-10 transfer on macroscopic scoring.
After arthrogen-CIA induction, the mice were treated with
pCAGGS-vIL-10 during the induction phase of arthritis
(Figure 4). From Days 0 to 21 after arthritis induction, the
mice were examined visually for the appearance of arthritis in
the peripheral joints, and severity scores (macroscopic score)
were determined for the 2 groups. In vivo electroporation was
administered on Day 1 to ensure that pCAGGS-vIL-10 would
be present during the early stage of the disease. The severity
of arthritis in the pCAGGS-vIL-10 mice was significantly
suppressed compared with that in the pCAGGS mice. The
severity of arthritis in the pCAGGS-vIL-10 mice was also sig-
nificantly lower than in the pCAGGS mice (control mice) at
the early timepoints. There was an increase in the severity of
arthritis in the pCAGGS mice at the later timepoints. The
arthritic index in the pCAGGS-vIL-10 group remained signif-
icantly lower than in the control group. The development of
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arthritis was significantly suppressed in the animals treated
with pCAGGS-vIL-10 from Days 3 to 21. This treatment with
pCAGGS-vIL-10 by in vivo electroporation was effective in
inhibiting this arthritis.

Effects of vIL-10 on joint histology. On Day 21 after the induc-
tion of arthritis, mice were sacrificed and the hind paws were
sectioned for histopathological examination. High power
views showed that the arthritic joint had proliferating synovial
tissue that invaded the joint space, along with inflammatory
cells that adhered to the joint surface and infiltrated the sub-
synovial space. In contrast, there were few histopathological
changes in the pCAGGS-vIL-10 mice on Day 21 (Figure 5).
The median histopathologic score following the administra-
tion of pCAGGS-vIL-10 was 0.3, compared with 3.7 follow-
ing the administration of pCAGGS (p < 0.0001; Figure 6).
Development of arthritis was significantly suppressed in the
pCAGGS-vIL-10 mice on Day 21 compared with the
pCAGGS mice, based on histopathological examination.
Thus, this pCAGGS-vIL-10 regimen was very effective in
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Table 1. Serum IL-6, TNF-α and IL-1ß levels (pg/ml).

Day 0 Day 7 Day 14 Day 21

pCAGGS, n = 10
IL-6 14.5 ± 13.0 241.1 ± 206.1 288.7 ± 264.7 81.0 ± 31.6
TNF-α 2.4 ± 1.8 85.7 ± 118.0 30.8 ± 56.6 8.2 ± 25.2
IL-1ß 18.0 ± 8.3 385.0 ± 204.1 420.5 ± 245.4 150.0 ± 73.0

pCAGGS-vIL-10, n = 10
IL-6 12.0 ± 14.0 104.6 ± 161.2 178.1 ± 205.2 16.0 ± 6.1
TNF-α 2.0 ± 1.4 79.0 ± 202.6 15.0 ± 47.4 5.4 ± 13.1
IL-1ß 14.0 ± 5.4 289.4.6 ± 102.4 289.4 ± 120.4 40.4 ± 38.9

Figure 1. Detection of vIL-10 mRNA in mouse muscle by RT-PCR. RNA was extracted from the muscle of 2 mice on Days 1, 7, and 14 after gene transfer of
pCAGGS-vIL-10 or pCAGGS plasmid by in vivo electroporation. The RNA was treated with DNase before cDNA synthesis and RT-PCR analysis for vIL-10 (210
bp) and G3PDH (452 bp).

Figure 2. Serum vIL-10 levels after pCAGGS-vIL-10 transfer. On Day 0, 0.5
ml arthrogen was injected into mice. On Day 1, 400 µg of pCAGGS-vIL-10
or pCAGGS plasmid was transferred into muscle by in vivo electroporation
(n = 10 in each group). Serum vIL-10 levels in the pCAGGS mice were < 30
pg/ml, the detection limit of the assay, at each point. #p < 0.01, *p < 0.05 for
comparisons with pCAGGS mice (control mice).
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inhibiting the synovial proliferation and cartilage destruction
of the joints.

Growth. The pCAGGS and pCAGGS-vIL-10 mice survived
the cocktail injection and subsequent in vivo electroporation,
developed well, and ate normally.

DISCUSSION
We observed that pCAGGS-vIL-10 gene transfer by in vivo
electroporation suppressed murine monoclonal anti-type II
antibody-induced arthritis (arthrogen-induced arthritis). This
arthritis is an antibody-mediated disease, and when the mon-
oclonal anti-type II antibodies are given in combination, the
animal develops severe arthritis. This arthritis model can be
prepared in constant yields, and the onset of arthritis can be
clearly detected. In this study, severe arthritis was indicated by
elevated levels of IL-6, TNF-α, and IL-1ß mRNA, as well as
by observing the macroscopic and histologic levels of arthritis.

Earlier studies had suggested IL-10 as a candidate for
experimental CIA treatment20,21. Injection of murine rIL-10
twice a day intraperitoneally suppressed established CIA and
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Figure 3. Quantitative real-time PCR of mRNA expression in the joints of pCAGGS or pCAGGS-vIL-10 mice on Day 7 after gene transfer by in vivo electropo-
ration. Relative quantities of PCR product from the mRNA of IL-6 (A), TNF-α (B), IL-1ß (C), and IFN-γ (D) were measured with the LightCycler Quick system
330 and normalized to the PCR products from GAPDH mRNA. Mean (SD) values were calculated and standardized to mean values of gene expression in
pCAGGS mice on Day 7. Mean gene expression in pCAGGS mice was given a value of 1 in the statistical analysis (n = 5 in each group). *p < 0.05 for compar-
isons with pCAGGS mice (control mice).

Figure 4. Effect of pCAGGS-vIL-10 in vivo electroporation treatment on
macroscopic arthritis scoring. Time course of disease severity, which was
scored by observing the paws for redness and swelling. Mice with arthrogen-
induced arthritis were treated with 400 µg of pCAGGS-vIL-10 or pCAGGS
plasmid by in vivo electroporation on Day 1 (n = 10 in each group). *p <
0.0001 vs pCAGGS mice (control mice).

 www.jrheum.orgDownloaded on May 26, 2023 from 

http://www.jrheum.org/


decreased the levels of TNF-α and IL-1 mRNA in synovial
tissue and articular cartilage, while levels of IL-1Ra mRNA
remained elevated. In contrast, the neutralization of murine
IL-10 further accelerated the expression of CIA20. However,

recombinant cytokines have short half-lives, necessitating fre-
quent administration. To obtain sustained IL-10 levels, a gene
therapy system providing continuous delivery may be more
effective and powerful than an intermittent one. In our exper-
iments, the serum level of vIL-10 was maintained for 2 weeks
or more following one administration of vIL-10 plasmid with
in vivo electroporation.

While the murine and human IL-10 cDNA sequences
exhibit strong homology, the human and vIL-10 mature pro-
tein sequence are 84% identical. vIL-10 shares many of the
immunosuppressive properties of human and murine IL-10,
but lacks their immunostimulatory properties15,16. In vitro
studies have suggested that IL-10 may mediate immunosup-
pressive effects by: (1) inhibiting proinflammatory cytokines
produced by Th1 cells and macrophages, such as TNF-α, IL-
1ß, and IL-8, which are implicated in lymphocyte migration
into the synovium22-24; (2) upregulating soluble TNF-α recep-
tor and IL-1Ra monocyte production25; (3) downregulating
metalloprotease and preferentially stimulating tissue inhibitor
of metalloproteinase-1 production by macrophages, which
participate in the degradation and remodeling of extracellular
matrix in acute or chronic inflammation situations26,27; and
(4) inhibiting the costimulatory molecule expression of syn-
ovial cells26. Our results indicate that the antiinflammatory
action of vIL-10 involves a reduction in lymphocyte infiltrates
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Figure 5. Histological examination. On Day 0, 0.2 ml of arthrogen was injected into mice. On Day 1, 400 µg of pCAGGS (A) or pCAGGS-vIL-10 plasmid (B)
were transferred into the muscle by in vivo electroporation. Figures show H&E staining of joint sections 20 days after gene transfer. Histology of pCAGGS joints
showed marked synovial hyperplasia and synovial tissue invading the joint space, with infiltration of mononuclear cells, cartilage destruction, and bone erosion
(arrow). Histology of pCAGGS-vIL-10 joints showed a clear joint space and absence of infiltrating cells or joint destruction. S: synovial tissue, C: cartilage, JS:
joint space.

Figure 6. Effect of pCAGGS-vIL-10 in vivo electroporation treatment on
arthritis scoring by microscopy. Arthritic joints of mice were graded as fol-
lows. 0, normal; 1, inflammatory infiltrates and synovial hyperplasia; 2, pan-
nus formation, cartilage erosion, and bone destruction; 4, loss of joint integri-
ty. Scores of pCAGGS-vIL-10 mice were significantly lower than those of
pCAGGS mice. *p < 0.0001 vs pCAGGS mice (control mice).
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and local immune response within the joints combined with a
chondroprotective action on the joints via the alteration of the
macrophage-degradative proteinase/antiprotease balance.
Although vIL-10 shares many biological properties with
murine and human IL-10, it does not possess their T cell cos-
timulatory activity22. A previous study demonstrated that
retroviral gene transfer of vIL-10 significantly prolonged
murine cardiac allograft survival through induction of local
immunosuppression27.

Recent studies demonstrated that adenovirus-mediated
transfer of the vIL-10 gene inhibited murine CIA28,29. Gene
delivery systems in which vectors are delivered from a retro-
virus or adenovirus induce an immune response and cause
adverse effects that render their repeated administration prob-
lematic15,16, and an early, nonimmune inflammatory reaction
to these viral gene delivery systems has also been suggest-
ed23,24. Gene transfer with in vivo electroporation, which uses
plasmid DNA as a vector, has several advantages over trans-
fer using viral vectors. Large quantities of highly purified
plasmid DNA can be obtained easily and inexpensively. Gene
transfer can be repeated without apparent immunologic
responses to the DNA vector. Although the gene expression is
usually transient, there is less likelihood of recombination
events with the cellular genome, eliminating the risk of inser-
tional mutagenesis, which is also associated with viral vec-
tors. Since there are fewer size constraints than with the cur-
rent viral vectors, plasmid vectors can carry large genes17.
During our experiments, the mice of both groups that received
gene delivery with in vivo electroporation developed well and
ate normally. No adverse effects were observed as a result of
using this gene delivery system or the vIL-10.

Electroporation has been widely used to introduce DNA
into various types of cells in vitro. Recently, it was reported
that gene transfer by in vivo electroporation is highly effective
for introducing DNA into some organs, such as mouse skin,
rat liver, chick embryos, and murine melanoma30-33. Based on
these findings, a recent study applied in vivo electroporation
for gene transfer into muscle, using plasmid DNA expressing
a cytokine as a vector. Gene transfer by in vivo electroporation
into muscle increases the level of gene expression more than
100-fold compared with simple plasmid injection and pro-
vides a potential approach for systemic delivery of cytokines,
growth factors, and other serum proteins for human gene ther-
apy17,34,35. In our study, the electroporation did not cause any
macroscopic damage, such as skin burns or edema, through-
out the experimental period. In addition, our findings indicat-
ed that the expression of pCAGGS-vIL-10 produced serum
vIL-10 concentrations that were high enough to treat this
model of RA. Using pCAGGS-Epo, we recently showed that
this technique is also a useful and powerful means of gene
transfer into rats in vivo34,35. We achieved a high level of ery-
thropoietin secretion, more than 100-fold that of controls, and
an increase in the hematocrit level after the treatment.

RA is an autoimmune disease characterized by both cellu-

lar and humoral responses, and it involves complex interac-
tions among T cells, monocytes, and fibroblasts in the
rheumatoid lesion, which lead to perpetuation of the inflam-
matory process. Monocyte-derived cytokines such as IL-6,
TNF-α, and IL-1ß are found in the synovium and play a major
role in the progression of joint destruction. This process
involves Th1 cells, which mediate the delayed-type hypersen-
sitivity by secreting IL-2 and IFN-γ, and Th2 cells, which play
a role in antibody-mediated responses by secreting IL-4 and
IL-1020,36.

We observed that the mRNA expression levels of IL-6,
TNF-α, and IL-1ß in joints were significantly repressed in the
pCAGGS-vIL-10 mice compared with the pCAGGS mice.
Suppression of these mRNA may diminish the levels of these
cytokines, which normally lead to perpetuation of the inflam-
matory processes. However, the differences in serum levels of
IL-6, TNF-α, and IL-1ß in the pCAGGS-vIL-10 and
pCAGGS mice were not statistically significant. It is likely
that the biological action of vIL-10 does not affect serum
concentrations of IL-6, TNF-α, and IL-1ß, but does affect
their concentrations in the joint. Consequently, in this study
arthritis in the pCAGGS-vIL-10 mice was repressed from the
beginning and throughout the course of the disease, and
inhibited joint destruction. Our findings indicate that this
method should be useful for systemic delivery of secretory
proteins in investigations of their biological roles in mouse
models of RA.

Because RA is a systemic inflammatory disease that results
in multiple joint destruction, local delivery of gene products is
not the most useful method for treatment. Rather, it is better
for a secreted gene product such as vIL-10 to have access to
the systemic circulation. In addition, a general rule of gene
therapy is that the duration of gene expression should not be
longer than that of the target disease. RA is a chronic disease.
Because muscle-targeted gene transfer is capable of bringing
about longterm and high-level expression, we consider the
muscle-targeted gene transfer with in vivo electroporation that
we performed to be ideal for gene therapy aimed at treating
RA. This method has a high potential for clinical applications
for RA, and its further development will be an important area
of study.

Cytokines other than IL-10 with natural anticytokine or
antiinflammatory activity are in clinical development as RA
treatments. Each of these agents has to be evaluated separate-
ly, even if the optimal treatment of RA requires a combination
of them, because of the complex, intertwined nature of the
cytokine network. However, vIL-10 gene therapy using the
electroporation gene delivery system may represent one of the
more efficient treatments, because of its powerful antiinflam-
matory action and efficiency. Our finding that Mab-induced
arthritis can be treated by vIL-10 transferred with in vivo elec-
troporation has not, to our knowledge, been reported previ-
ously.

We demonstrated that pCAGGS-vIL-10 gene transfer by in
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vivo electroporation suppressed arthritis in a mouse model in
which arthritis was induced by 4 monoclonal anti-CII anti-
bodies. We confirmed the effects of this treatment macroscop-
ically and histologically.

ACKNOWLEDGMENT
The authors are grateful to Ms. Keiko Yamagiwa and Mr. Naofumi Imai of the
Division of Nephrology and Rheumatology, Niigata University Graduate
School of Medical and Dental Sciences, for technical assistance.

REFERENCES
1. Courtenay JS, Dallman MJ, Dayan AD, Martin A, Mosedale B.

Immunization against heterologous type II collagen induced arthritis
in mice. Nature 1980;283:666-8.

2. Holmdahl R, Andersson T, Goldschmidt TJ, Gustafsson K, Jansson L,
Mo JA. Type II collagen autoimmunity in animals and provocations
leading to arthritis. Immunol Rev 1990;118:193-232.

3. Terato K, Hasty KA, Reife RA, Cremer MA, Kang AH, Stuart JM.
Induction of arthritis with monoclonal antibodies to collagen. 
J Immunol 1992;148:2103-8.

4. Terato K, Harper DS, Griffiths MM, et al. Collagen-induced arthritis
in mice: synergistic effect of E. coli lipopolysaccharide bypasses
episode specificity in the induction of arthritis with monoclonal 
antibodies to type II collagen. Autoimmunity 1995;22:137-47.

5. Choy EH, Panayi GS. Cytokine pathway and joint inflammation in
rheumatoid arthritis. N Engl J Med 2001;344:907-16.

6. Koch AE, Kunkel SL, Harlow LA, et al. Macrophage inflammatory
protein-1 alpha. A novel chemotactic cytokine for macrophages in
rheumatoid arthritis. J Clin Invest 1994;93:921-8.

7. Koch AE, Kunkel SL, Harlow LA, et al. Enhanced production of
monocyte chemoattractant protein-1 in rheumatoid arthritis. J Clin
Invest 1992;90:772-9.

8. Thornton S, Duwel LE, Boivin GP, Ma Y, Hirsh R. Association of the
course of collagen-induced arthritis with distinct patterns of cytokine
and chemokine messenger RNA expression. Arthritis Rheum
1999;42:1109-18.

9. Mariniva-Mutafchiva L, Williams RO, Mason LJ, Mauri C, Feldmann
M, Maini RN. Dynamics of proinflammatory cytokine expression in
the joints of mice with collagen-induced arthritis. Clin Exp Immunol
1997;10:507-12.

10. Smith-Oliver T, Noel LS, Stimptson SS, Yarnall DP, Connolly KM.
Elevated levels of TNF in the joints of adjuvant arthritic rats.
Cytokine 1993;5:298-304.

11. Schrier DJ, Schimmer RC, Flory CM, Tung DK, Ward PA. Role of
chemokines and cytokines in a reactivation model of arthritis in rats
induced by injection with streptococcal cell wall. J Leukocyte Biol
1993;63:359-63.

12. Romagnani S. Lymphokine production by human T-cells in disease
state. Ann Rev Immunol 1994;12:227-57.

13. Moore KW, Vieira D, Fiorentino DF, Troustine ML, Kahn TA,
Mosmann TR. Homology of cytokine synthesis inhibitory factor
(IL-10) to the Epstein-Barr virus gene BCRF1. Science

1990;248:1230-4.
14. Baer R, Bankier AT, Biggin MD, et al. DNA sequences and expression

of the B59-8 Epstein-Barr virus genome. Nature 1984;310:207-11.
15. MacNeil IA, Suda T, Moore KW, Mosmann TR, Zlotnik A. IL-10, a

novel growth cofactor for mature and immature T cells. J Immunol
1990;145:4167-73.

16. Go NF, Castle BE, Barret R, et al. Interleukin 10, a novel B cell 
stimulatory factor: unresponsiveness of X chromosome-linked 
immunodeficiency B cells. J Exp Med 1990;172:1625-31.

17. Miyazaki J, Aihara H. Gene transfer into muscle by electroporation in
vivo. In: Morgan JH, editor. Gene therapy protocols. 2nd ed. Totowa,
NJ: Humana Press Inc.; 2002:49-62.

18. Niwa H, Yamamura K, Miyazaki J. Efficient selection for high 
expression transfectants with a novel eukaryotic vector. Gene
1991;108:193-9.

19. Ginsberg HS, Moldawer LL, Sehgal PB, et al. A mouse model for
investigating the molecular pathogenesis of adenovirus pneumonia.
Proc Natl Acad Sci USA 1991;88:1651-5.

20. Joosten LAB, Lubbert E, Durez P, et al. Role of interleukin 4 and
interleukin 10 in murine collagen induced arthritis. Arthritis Rheum
1997;40:249-60.

21. Persson S, Mikulowska A, Narula S, O’Garra A, Holmdahl R.
Interleukin-10 suppresses the development of collagen type II-induced
arthritis and ameliorated sustained arthritis in rats. Scand J Immunol
1996;44:607-14.

22. Vieira P, de Waal-Malefyt R, Dang MN, et al. Isolation and expression
of human cytokine synthesis inhibitory factor cDNA clones: 
homology to Epstein-Barr virus open reading frame BCRFI. Proc Natl
Acad Sci 1991;88:1972-6.

23. Isomaki P, Luukkainen R, Saario R, Toivanen P, Punnonen J.
Interleukin-10 functions as an antiinflammatory cytokine in 
rheumatoid synovium. Arthritis Rheum 1996;39:386-95.

24. Fiorentino DF, Bond MW, Mosmann TR. Two types of mouse T
helper cell. J Exp Med 1989;170:2081-95.

25. Seitz M, Loetscher P, Dewald H, Towbin H, Gallati H, Baggiolini M.
Interleukin-10 differentially regulates cytokine inhibitor and
chemokine release from blood mononuclear cells and fibroblasts. Eur
J Immunol 1995;25:1129-32.

26. Lacraz S, Nicod LP, Chicheportiche R, Welgus HG, Dayer JM. IL-10
inhibits metalloproteinase and stimulates TOMP-1 production in
human mononuclear phagocytes. J Clin Invest 1995;93:2304-10.

27. Qin L, Chavin KD, Ding Y, et al. Multiple vectors effectively achieve
gene transfer in a murine cardiac transplantation model.
Transplantation 1995;59:809-16.

28. Apparailly F, Verwaerde C, Jacquet C, Auriault C, Sany J, Jorgensen
C. Adenovirus-mediated transfer of viral IL-10 gene inhibits murine
collagen-induced arthritis. J Immunol 1998;160:5213-20.

29. Ma Y, Thornton S, Duwel LE, et al. Inhibition of collagen-induced
arthritis in mice by viral IL-10 gene transfer. J Immunol
1998;161:1516-24.

30. Titomirov AV, Sukharev S, Kistanova E. In vivo electroporation and
stable transformation of skin cells of newborn mice and plasmid
DNA. Biochem Biophys Acta 1991;1088:131-4.

31. Muramatsu T, Mizutani Y, Ohmori Y, Okumura J. Comparison of three
nonviral transfection methods for foreign gene expression in early
chicken embryos in ovo. Biochem Biophys Res Commun
1997;230:376-80.

32. Heller R, Jaroszeski M, Atkin A, et al. In vivo electroporation and
expression in rat liver. FEBS Lett 1996;389:225-8.

33. Rols MP, Delteil C, Golzio M, Dumond P, Cros S, Teissie J. In vivo
electrically mediated protein and gene transfer in murine melanoma.
Nat Biotechnol 1998;16:168-71.

34. Maruyama H, Ataka K, Gejyo F, et al. Long-term production of 
erythropoietin after electroporation-mediated transfer of plasmid DNA
into the muscle of normal and uremic rats. Gene Therapy 
2001;8:461-8.

35. Maruyama H, Akita K, Higuchi N, Sakamoto F, Gejyo F, Miyazaki J.
Skin-targeted gene transfer in vivo electroporation. Gene Therapy
2001;8:1808-12.

36. Miossec P, van den Berg W. Th1/Th2 cytokine balance in arthritis.
Arthritis Rheum 1997;40:2105-15.

462 The Journal of Rheumatology 2006; 33:3

Personal non-commercial use only. The Journal of Rheumatology Copyright © 2006. All rights reserved.

 www.jrheum.orgDownloaded on May 26, 2023 from 

http://www.jrheum.org/

