
Antiviral Effects of Small Interfering RNA Simultaneously Inducing
RNA Interference and Type 1 Interferon in Coxsackievirus
Myocarditis

Jeonghyun Ahn,a,b Ara Ko,a,b Eun Jung Jun,a,b Minah Won,a,b Yoo Kyum Kim,a,b Eun-Seon Ju,c Eun Seok Jeon,c and Heuiran Leea,b

Department of Microbiologya and Bio-Medical Institute of Technology,b University of Ulsan College of Medicine, and Department of Internal Medicine, Sungkyunkwan
University School of Medicine, Samsung Medical Center,c Seoul, Republic of Korea

Antiviral therapeutics are currently unavailable for treatment of coxsackievirus B3, which can cause life-threatening myocardi-
tis. A modified small interfering RNA (siRNA) containing 5=-triphosphate, 3p-siRNA, was shown to induce RNA interference
and interferon activation. We aimed to develop a potent antiviral treatment using CVB3-specific 3p-siRNA and to understand its
underlying mechanisms. Virus-specific 3p-siRNA was superior to both conventional virus-specific siRNA with an empty hy-
droxyl group at the 5= end (OH-siRNA) and nonspecific 3p-siRNA in decreasing viral replication and subsequent cytotoxicity. A
single administration of 3p-siRNA dramatically attenuated virus-associated pathological symptoms in mice with no signs of tox-
icity, and their body weights eventually reached the normal range. Myocardial inflammation and fibrosis were rare, and virus
production was greatly reduced. A nonspecific 3p-siRNA showed relatively less protective effect under identical conditions, and
a virus-specific OH-siRNA showed no protective effects. We confirmed that virus-specific 3p-siRNA simultaneously activated
target-specific gene silencing and type I interferon signaling. We provide a clear proof of concept that coxsackievirus B3-specific
3p-siRNA has 2 distinct modes of action, which significantly enhance antiviral activities with minimal organ damage. This is the
first direct demonstration of improved antiviral effects with an immunostimulatory virus-specific siRNA in coxsackievirus myo-
carditis, and this method could be applied to many virus-related diseases.

RNA interference (RNAi) is a sequence-specific gene silencing
process, which has been extensively investigated as a novel

technique for the development of antiviral agents (38, 40). RNAi is
mediated by a small interfering RNA (siRNA) comprised of a 19-
to 26-nucleotide (nt) RNA duplex. Recognition of target RNA by
an siRNA conjugated with an RNA-induced silencing complex
(RISC) triggers the catalytic degradation of complementary target
RNA (8). Previously, we showed that siRNAs specific to enterovi-
ral RNAs selectively reduce replication of the corresponding en-
terovirus and cytotoxicity in infected cells (2, 18). Merl et al. also
reported that coxsackievirus B3 (CVB3)-specific siRNA attenu-
ates CVB3 replication and cytopathogenicity and increases the
animal survival rate (27). However, antiviral efficacies need to be
further improved before siRNA-based agents can be applied in
clinical settings (5, 21, 33).

Poeck et al. recently demonstrated that a modified siRNA
with a triphosphate at the 5= end (3p-siRNA) complementary
to Bcl-2 interfered with Bcl-2 expression by selectively cleaving
Bcl-2 mRNA (30). This siRNA differed from conventional
siRNAs, which possess an empty hydroxyl group at the 5= end
(OH-siRNA).Unlike the traditional OH-siRNA, 3p-siRNA also
activated interferon (IFN) production. Thus, Bcl-2-specific 3p-
siRNA simultaneously silenced Bcl-2 and produced IFNs using
a single molecule, which induced highly enhanced antitumor
effects compared with those of an OH-siRNA, which solely
elicited RNAi activity.

CVB3 belongs to an enterovirus genus in the Picornaviridae
family and is the most common etiological agent inducing myo-
carditis, particularly in neonates and young children (28). CVB3
infection can be life threatening due to the risk of heart failure,
with a poor prognosis in cases of acute and chronic myocarditis.
CVB3 infection results in irreversible cytopathic effects at the cel-

lular level and cardiac injuries at the tissue level, which suggests
that direct virus replication-mediated damage causes clinical
symptoms (1, 10). No vaccines or antiviral agents are currently
available, and treatments are only symptomatic, which means
there is an urgent need for an antiviral agent.

Type I IFN, including alpha IFN (IFN-�) and beta IFN (IFN-
�), is a key component of the innate immune response and the
first line of defense against viral infection (31). Previous reports
have shown that disruption of type I IFN activities in IFNAR1�/�

and IFN-��/� mice resulted in much higher virus titers in the
heart and mortality following CVB3 infection than was the case
with wild-type mice (6, 37). These results strongly suggest that
type I IFNs have a key protective role against CVB3-induced myo-
carditis. In addition to viruses and microbial products, various
nucleic acids, including DNA and double- or single-stranded
RNA, provoke type I IFN production via germ line-encoded pat-
tern recognition receptors (PRRs) (3, 15). 3p-RNA is sensed by
cytosolic PRR retinoic acid-inducible protein I (RIG-I) in a non-
sequence-dependent manner (16). Direct binding of 3p-RNA to
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RIG-I triggers the potent induction of a set of genes, including
type I IFNs and antiviral responses (20, 35, 36).

Based on these findings, we aimed to achieve effective antiviral
effects by developing 3p-siRNAs specific to CVB3 in a viral myo-
carditis model. To analyze their potentials as antiviral agents, we
generated CVB3-specific siRNAs with (3p-siRNAs) and without
(OH-siRNAs) a 5=-triphosphate and compared their antiviral po-
tencies in vitro and in vivo by examining viral replication, cytotox-
icity, animal morbidity, and histopathology. We further investi-
gated the underlying mechanism of the selective cleavage of the
CVB3 genome and the induction of type I IFNs, and unexpected
side effects were also determined.

MATERIALS AND METHODS
Cells, virus, and virus preparation. HeLa, Vero, MRC5 cells were ob-
tained from the American Type Culture Collection (ATCC) and main-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum, GlutaMAX-1 (2 mM), and
penicillin (100 IU/ml)-streptomycin (50 �g/ml) at 37°C in a 5% CO2

incubator. CVB3 (Nancy strain) was purchased from ATCC, propagated,
and then titrated by conventional methods in Vero cells, as previously
described (2).

To quantify progeny virus production in vitro, HeLa cells were in-
fected with CVB3 at a multiplicity of infection (MOI) of 1 for 1 h in the
presence or absence of siRNAs. After the virus inoculum was washed, the
cells were cultured with medium for 8 h. Medium and cells were har-
vested, and the resultant cell lysates were subjected to virus titration by
50% tissue culture infective dose (TCID50) (32). To quantify the levels of
infectious viruses in hearts, tissue lysates were prepared using an HT10
homogenizer (IKA-Korea) and subjected to titration.

Preparation of OH-siRNAs/3p-siRNAs and transient transfection.
Three siRNAs targeting the CVB3 region were designed using the
CAPSID software program (26). OH-siRNAs with a hydroxyl group at
the 5= end were manufactured by Bioneer using the “ready-to-use”
option. 3p-siRNAs with a triphosphate group at the 5= end were pur-
chased from Genolution using the “ready-to-use” option. The control
siRNA had no sequence match with any genes, as previously described
(2). None of the siRNAs induced cytotoxicity under experimental con-
ditions in vitro (data not shown). For transient transfection, cells were
incubated for 4 h with 100, 10, or 1 nM siRNA using Oligofectamine
reagent (Invitrogen) under no-serum conditions, before fresh me-
dium containing 10% serum was added, with further incubation for
the specified period.

5= RACE analysis. 5= rapid amplification of cDNA ends (RACE) was
performed according to the GeneRacer manual (Invitrogen) with some
modifications. When sequence-specific viral RNA cleavage by virus-spe-
cific siRNA (OH-#5 and 3p-#5) occurred, a PCR product of 150 bp in size
was obtained. Five micrograms of total RNA was extracted using TRIzol
reagent and ligated to 250 ng of the GeneRacer RNA adaptor using T4
ligase (NEB). Reverse transcription (RT) was conducted as described in
the real-time RT-PCR method given below, using a CVB3-specific anti-
sense primer (#5-AS1; 5=-ATG AGC CCA CCA CAC TGG-3=) and a
SuperScript III RT kit (Invitrogen). The RT products were amplified using
a GeneRacer-specific sense primer (5=RACE-S1; 5=-CGA CTG GAG CAC
GAG GAC ACT G-3=) and a CVB3-specific antisense primer (#5-AS1;
5=-ATG AGC CCA CCA CAC TGG-3=). A second round of nested PCR
was conducted using a GeneRacer-specific nested sense primer (#5-NST-
S1; 5=-GGA CTG AAG GAG TAG AAA GGA GG-3=) and a CVB3-specific
nested antisense primer (#5-AS2; 5=-GCA TTC TCT TGG TGG GTG
TGC-3=). The initial PCR with high-fidelity Taq polymerase (Invitrogen)
was carried out using the following conditions: 94°C for 2 min (1 cycle),
94°C for 30 s and 72°C for 1 min (5 cycles), 94°C for 30 s, 66°C for 30 s, and
68°C for 30 s (25 cycles), and 68°C for 10 min. The second PCR was
performed using the following conditions: 94°C for 2 min (1 cycle), 94°C

for 30 s, 65°C for 30 s, and 68°C for 1 min (25 cycles), and 68°C for 10 min
(1 cycle). The PCR products were cloned into the pCR2.1 vector using a
TA cloning kit (Invitrogen) and sequenced.

Animal care and virus and siRNA administration. We obtained
BALB/c mice, which were up to 4 weeks old, from Central Laboratory
Animal Inc. All animal experiments were ethically conducted in accor-
dance with the guidelines of the Animal Care Center of the Asan Institute.
The animal use protocols were reviewed and approved by the committee
in this center. Viral doses of 8 � 105 PFU/200 �l were injected intraperi-
toneally. After 8 h, siRNA (2.5 mg/kg of mouse body weight) was intrave-
nously injected using Jet polyethyleneimine (PEI) (Polyplus-transfection
Inc.). Mouse body weight was measured at 2-day intervals.

Histopathology. Animals were sacrificed on days 7 and 14 after siRNA
administration, and the heart, pancreas, liver, and spleen were harvested.
Tissues were fixed in 10% formalin, embedded in paraffin, and stained
with hematoxylin and eosin (H&E) and Sirius red. Viral protein expres-
sion was determined by immunohistochemistry using VP1 antibody
(Leica Biosystems Newcastle Ltd.). The stained sections were subjected to
image analysis with a Leica microscope and analyzed by an investigator
who was blinded to the treatment. Degrees of inflammation after H&E
staining were graded using a scale of 0 to 4, where a score of 0 represented
no myocarditis and 4 represented widespread and confluent inflamma-
tion. The degree of fibrosis was determined after Sirius red staining as the
percentage of positively stained area.

RT-PCR using SYBR green I. Total RNA was extracted from each
sample of various cells and heart tissues using TRIzol reagent (Invitro-
gen). RT was carried out with Superscript III reverse transcriptase using
an oligo(dT) primer at 55°C. The synthesized cDNA was amplified by
RT-PCR using iQ SYBR green supermix (Bio-Rad). The reaction con-
sisted of 3 min at 95°C for polymerase activation and 39 cycles of 15 s at
95°C (denaturation), 30 s at 60°C (annealing), and 30 s at 72°C (exten-
sion). �-Actin was used for normalization in the estimation of relative
gene expression. RT-PCR was implemented using the following primers:
CVB3-5=NTR-S, ACATGGTGCGAAGAGTCTATTGAG; CVB3-5=NTR-
AS, TGCTCCGCAGTTAGGATTAGC; human-IFN-�-S, TGCTTCTCC
ACTACAGCTCTT; human-IFN-�-AS, TGACACTGAAAATTGCTGCT
TCT; human-OAS-S, CTGGATTCTGCTGACCCAGC; human-OAS-AS,
GGTCCAGATAACACTGGAGC; mouse IFN-�-S, TCCTGAACCTCTT
CACATCAAA; mouse IFN-�-AS, ACAGGCTTGCAGGTGATTGAG;
mouse IFN-�-S, GGAGATGACGGAGAAGATGC; mouse IFN-�-AS, CC
CAGTGCT GGAGAAATTGT; mouse PKR-S, GGCTCCTGTGTGGGAA
GTCA; mouse PKR-AS, TATGCCAAAAGCCAGAGTCCTT; mouse
OAS-S, TGAGCGCCCCCCATCTG; and mouse OAS-AS, CATGACCCA
GGACATCAAAGG. Relative gene expression was estimated using the
GeneXpression Macro chromo4 software program (Bio-Rad).

Statistical analysis. Data were reported as the means � standard de-
viations (SD). For statistical analysis, data were parametrically subjected
to analysis of variance (ANOVA) for multiple comparisons. Some data
(see Fig. 2b) were further analyzed by paired t test. P values less than 0.05
were considered statistically significant.

RESULTS
Simultaneous induction of specific gene silencing and type I IFN
by CVB3-specific 3p-siRNAs. We designed 3 CVB3-specific
siRNAs targeting the 2C (#1), 3C (#5), and 3D (#9) regions of the
CVB3 genome. Two distinct forms, i.e., a conventional synthetic
5=-free siRNA (OH-siRNAs) and 5=-triphosphate siRNAs (3p-
siRNAs) (Fig. 1a), were prepared. Target-specific gene cleavage by
siRNAs was verified by RT-PCR using 5= rapid amplification of
cDNA ends (5= RACE) to exclusively amplify RNA that was spe-
cifically cleaved by RNAi. Both of the CVB3-specific siRNAs
(OH-#5 and 3p-#5) produced PCR products that corresponded to
the virus target genome region (150 bp; Fig. 1b), irrespective of the
presence of triphosphate. As expected, no PCR product was
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detected with nonspecific control siRNAs (OH-C and 3p-C).
Sequencing analysis further confirmed that the PCR products
were amplified from the cleaved CVB3 genome and that cleav-
age occurred at the corresponding genome region (5= . . . AGU/
GGA . . . 3=) between positions 10 and 11 of the antisense
strand of siRNA, which was the expected siRNA-driven cleav-
age site (Fig. 1a and c).

Type I IFN stimulation by 3p-siRNAs was examined by deter-
mining the expression levels of IFN-� and 2=–5= oligoadenylate
synthetase (OAS). HeLa cells were transfected with 3p-siRNAs
(3p-C and 3p-#5) regardless of viral specificity, and they exhibited
a dramatic increase in the expression of both IFN-� and OAS
mRNAs (Fig. 1d and e). IFN-� and OAS expression by 3p-siRNAs
sharply decreased following a calf intestine phosphatase (CIP)
treatment to eliminate triphosphate. We detected no induction of
IFN-� or OAS expression with OH-siRNAs. Taken together, these
data imply that CVB3-specific 3p-siRNA induces a target-specific
gene silencing activity and it also elicits an innate immune response.

Severe attenuation of CVB3 infection following CVB3-spe-
cific 3p-siRNA treatment in vitro. The antiviral activities of

CVB3-specific siRNAs were investigated by testing cytotoxicity
and progeny virus production in HeLa cells after siRNA prein-
cubation followed by viral challenge. Infected cells began to
exhibit irreversible cytopathic effects as early as 6 h postinfec-
tion (p.i.), such as cell rounding and detachment of cells from
the culture plate, while progeny virus production reached its
maximal level within 8 h p.i. (data not shown). Both of the
CVB3-specific siRNAs (OH-#5 and 3p-#5) significantly pro-
tected cells from cytopathic effects (Fig. 2a) and progeny virus
production (Fig. 2b). The nonspecific control siRNA contain-
ing 5=-triphosphate (3p-C) also showed some degree of protec-
tive effects. Yet the most significant protection was achieved
with the CVB3-specific 3p-siRNA (3p-#5; 63.7 � 1.8-fold de-
crease in progeny virus production). The most improved anti-
viral effects were also observed in the presence of the CVB3-
specific 3p-siRNA by increasing IFN-� mRNA expression in
human fibroblast MRC5 cells (see Fig. S1 and S2 in the supple-
mental material). The 3p-siRNAs lost antiviral activity after
CIP treatment (Fig. 2). The CVB3-specific 3p-siRNA retained
some degree of protective effect even after CIP treatment,

FIG 1 Characteristics of CVB3-specific 3p-siRNAs in vitro. Sequence information for siRNAs and their positions in the viral genome are shown in panel a. HeLa
cells were preincubated with various types of siRNAs at 100 nM for 15 h, followed by CVB3 infection at an MOI of 1 for 8 h. RT-PCR products were prepared by
target-specific 5= RACE analysis from total RNA and visualized by agarose gel electrophoresis (n � 2). PCR products are indicated by an arrow (b) and were
further analyzed by sequencing (c). After incubating HeLa cells with siRNAs at 100 nM for 24 h, the cytosolic levels of IFN-� (d) and OAS (e) mRNA were
determined by RT-PCR (n � 4). NTR, nontranslated region; Mock, mock treated. Means � SD are shown (��, P � 0.01; ���, P � 0.001).

Ahn et al.

3518 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


whereas the control 3p-siRNA lost most of its antiviral effect.
The corresponding 3p-siRNAs also showed enhanced antiviral
activity with the other CVB3-specific siRNAs (#1 and #9),
along with induction of IFN-� mRNA expression (see Figure
S3 in the supplemental material). Antiviral activities following
these siRNA treatments lasted up to 48 h and disappeared (data
not shown). These results demonstrate that antiviral potency
can be significantly enhanced by modifying CVB3-specific
siRNA to a form containing 5=-triphosphate, which simultane-
ously induces CVB3-specific gene silencing and an innate im-
mune response.

Effective attenuation of CVB3 infection following CVB3-
specific 3p-siRNA treatment in vivo. Antiviral potencies of mod-
ified siRNAs were examined in vivo using BALB/c mice infected
with CVB3 followed by various siRNA injections. In CVB3-in-
fected mice, body weights gradually decreased until day 8 and then
slowly recovered to a level similar to their initial body weights (Fig.
3a). In contrast, both of the 3p-siRNA groups gradually gained
weight after an initial loss. The initial weight loss was minimal in
mice treated with CVB3-specific 3p-siRNA (3p-#5). Body weights
began to increase on day 4, and their final body weights were
almost the same as those of the uninfected control group. How-
ever, OH-siRNA groups lost body weight with kinetics in initial

weight loss similar to those for the virus-infected group. Virus
replication also did not decrease in OH-siRNA groups (see. Fig. S4
in the supplemental material).

Progeny virus production was greatly decreased, up to a two-
log reduction, in the hearts of the CVB3-specific 3p-siRNA group
on day 7 (3.9 � 0.5 in log10 TCID/g), compared with results for the
virus-only group (5.9 � 0.8) (Fig. 3b). The rate of reduction was
about one log (4.7 � 0.5) in the CVB3-nonspecific group under
the same conditions. A similar protective pattern was also deter-
mined by virus genome (vg) amplification; an additional one-log
reduction in genome amplification (6.4 � 0.7 in log10 vg in the
virus-only group) was achieved by CVB3-specific 3p-siRNA
(4.4 � 0.7) at day 7, compared to results for nonspecific 3p-siRNA
(5.5 � 0.5) (Fig. 3c). In addition, the 3p-siRNA treatments rapidly
induced type I IFN-related gene expressions in hearts (data not
shown). These results suggest that CVB3-specific 3p-siRNA has
dual effects and effectively attenuates pathological effects in vivo
by significantly hindering viral replication.

Enhanced protective effects on heart inflammation and fi-
brosis by CVB3-specific 3p-siRNA treatment. Hematoxylin-
and-eosin (H&E) staining of heart sections indicated that severe
inflammatory cell infiltration occurred on days 7 and 14 after
CVB3 infection (Fig. 4a). Average heart inflammation scores were

FIG 2 Influence of CVB3-specific 3p-siRNA on CVB3 infection in HeLa cells. Cells were treated with various siRNAs and CVB3, as shown in Fig. 1b. Cytopathic
effects were observed under light microscopy at 10 h p.i. (a) (representatives of 3 independent studies). Cells and culture media were collected at 8 h p.i., and
progeny virus production was determined by TCID50 (b) (n � 4). Means � SD are shown (�, P � 0.05; ��, P � 0.01; ���, P � 0.001).
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estimated as 2.5 � 1.0 and 2.6 � 1.1 on days 7 and 14, respectively
(Fig. 4b). CVB3-specific 3p-siRNA (3p-#5, 0.6 � 0.5) treatment
attenuated inflammation, and it was statistically superior to non-
specific 3p-siRNA, particularly at day 7 (3p-C, 1.5 � 1.3). Simi-
larly, Sirius red staining showed that myocardial fibrosis was ef-
fectively attenuated on day 14 by CVB3-specific 3p-siRNA to
2.6% � 0.9%, from 7.3% � 2.8% (Fig. 4c; 3.3% � 2.6% with
nonspecific 3p-siRNA). Virus protein expression was also deter-
mined in heart tissues by virus-specific VP1 immunohistochem-
istry (Fig. 4a). A dense deposit of VP1 was readily observed in
sporadic patterns on day 7 p.i. CVB3-specific 3p-siRNA treatment
led to a loss of most of the positive signal, but some of the VP1-
positive signal still remained with the nonspecific 3p-siRNA.
These data indicate that the CVB3-specific 3p-siRNA treatment
was highly effective at reducing myocardial inflammations and
that it subsequently attenuated viral illness.

No obvious toxicity with 3p-siRNA treatment. We deter-
mined unexpected side effects of 3p-siRNA treatment by examin-
ing the influence of siRNA on body weight and liver toxicity. All
the mice survived the experimental procedure very well and ex-
hibited no unusual morbidity (data not shown). Body weight in-
creased continuously at similar rates in the siRNA-treated groups
(Fig. 5a). The siRNA-treated groups showed normal histological
liver features on day 7, with no difference from the control group
(Fig. 5b). Serum levels of the liver enzymes alanine aminotrans-

ferase (ALT) and aspartate aminotransferase (AST) didn’t change
on day 14 (Fig. 5c). These data indicate that systemic delivery of
3p-siRNA did not seem to induce significant side effects for the
liver.

DISCUSSION

This study demonstrated that CVB3-specific 3p-siRNA was highly
effective in inhibiting viral replication, which resulted in en-
hanced in vitro and in vivo antiviral effects. Improved protective
potency was due to the combined effects of 2 distinct mechanisms:
(i) gene silencing by CVB3-specific RNAi and (ii) an innate im-
mune response via type I IFN activation by 5=-triphosphate.

Clinical trials validating the usefulness of siRNA-based thera-
peutics have been applied to diverse human diseases, including
genetic disorders and infectious diseases (5, 24). The first antiviral
siRNA clinical trial used an siRNA silencing virus nucleocapsid
gene (ALN-RSV01; Alnylam Pharmaceuticals) to treat respiratory
syncytial virus, which causes severe bronchiolitis. Randomized,
double-blind, placebo-controlled trials were performed either
with healthy subjects or with lung transplant recipients (7, 39).
These trials consistently demonstrated that ALN-RSV01 is safe
and has significant antiviral activity against human RSV infection.
Antiviral siRNA protocols for hepatitis B virus, hepatitis C virus,
and HIV have been under investigation, also indicating that sev-
eral siRNA treatments are effective and well tolerated (22, 33).

FIG 3 Antiviral effects of CVB3-specific 3p-siRNA in mice. Mice were intraperitoneally injected with 8 � 105 PFU/200 �l of virus and intravenously adminis-
tered with various siRNAs at 2.5 mg/kg of mouse after 8 h. Body weight was monitored every 2 days (a) (n � 6 for each group). Progeny virus production was
tested by TCID50 in heart tissues on day 7 after siRNA treatment (b) (n � 12). The viral genome was quantified on day 7 (c) (n � 12) and day 14 (d) (n � 6) using
RT-PCR. Means � SD are shown (���, P � 0.001).
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Thus, the initial prospect for these novel therapeutics appears pos-
itive and highly attractive.

Yet several limitations must be overcome before the successful
introduction of siRNA-based agents into the clinic (21, 24, 29). A
major limitation for the development of siRNA-based agents is the
strength of gene silencing. The simultaneous application of mul-
tiple siRNAs may increase the gene knockdown effect. We made a
previous attempt to enhance antiviral effects by cotreatment with
several siRNAs targeting CVB3, but the outcome was unsuccessful
(2). Similar discouraging results were reported by Gitlin et al.
when treating a poliovirus infection (11). Thus, other strategies
for improving the efficacy of siRNA-based agents need to be con-
sidered. Here we hypothesized that modifying conventional OH-
siRNA to 3p-siRNA might provide an additional antiviral prop-
erty for RNAi. Indeed, CVB3-specific 3p-RNA activated type I
IFN signaling with 5=-triphosphate and CVB3-specific gene si-
lencing by RNAi. Consequently, CVB3-specific 3p-siRNA exhib-

ited a dual activity that significantly enhanced antiviral effects with
the attenuation of viral replication, cytotoxicity, morbidity, and
heart histopathology. Recently, two independent research groups
showed that hepatitis B virus (HBV)-specific 3p-siRNAs not only
directly inhibit HBV replication but also stimulate innate immu-
nity, implying that HBV-specific 3p-siRNAs are bifunctional and
effectively induce antiviral status against HBV infection (9, 13).
Together with our data, these findings thus support that immu-
nostimulatory siRNA simultaneously inducing gene silencing
with induction of IFN could be readily developed as an effective
therapeutic approach to many virus-related diseases.

The enhanced antiviral effects of CVB3-specific 3p-RNA also
mean that the administered dose of siRNA could be lowered. Pre-
vious studies elicited in vivo activity with siRNA by intravenously
injecting mice with 10 to 50 mg/kg of siRNA on 2 or 3 occasions
(17, 27, 34). In contrast, we achieved antiviral activity with a single
administration of 3p-siRNA at a lower dose of 2.5 mg/kg, while

FIG 4 Histopathological examination of hearts following virus and siRNA treatment. The mice were sacrificed on day 7 or 14, as shown in Fig. 3. Hearts were
recovered, and paraffin blocks were prepared for histopathological analysis. Sections were stained with H&E, treated with Sirius red, and immunohistochemically
stained using virus-specific VP1 antibody (a). Heart inflammation on days 7 and 14 (b) (n � 6) or fibrosis on day 14 (c) (n � 6) was scored as described in
Materials and Methods. Means � SD are shown (�, P � 0.05; ���, P � 0.001).
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conventional OH-siRNA failed to induce obvious antiviral effects
at this dosage level. A major concern with most siRNA treatments
is the possibility of oversaturation of the RISC by exogenous
siRNA, which could lead to interruption of endogenous small-
RNA-dependent gene expression (19, 29). Grimm et al. suggested
that the high-level expression of short-hairpin RNAs over-
whelmed the hepatic RNAi processing machinery and caused
hepatic failure and death in mice (12). Such side effects become
more severe as the siRNA concentration increases. Thus, the
CVB3-specific 3p-RNA strategy provides additional benefits be-
cause of the lower effective dosage of siRNA.

CVB3 has detrimental effects on the myocardium, but it has an
important role in the pathogenesis of extracardiac diseases, such
as hepatitis, pancreatitis, and aseptic meningitis (28). CVB3-spe-
cific 3p-RNA efficiently attenuated pancreatitis, and its efficacy
was far superior to that of siRNAs that expressed the single activity
of RNAi or IFN induction (data not shown; see also Fig. S5 in the
supplemental material). Inflammatory cell infiltration and viral
protein synthesis was also decreased in the pancreas in the pres-
ence of CVB3-specific 3p-RNA. Thus, CVB3-specific 3p-RNA
could be developed as a general therapeutic agent for treating
CVB-derived diseases.

Synthetic IFNs, such as the PEGylated form of IFN-�, have
been clinically applied, and IFN-� is known to induce a sustained
and curative virological response in 10 to 90% of hepatitis patients
(14, 25). When patients with myocardial enteroviral or adenoviral
persistence were treated with IFN-�, ventricular dysfunction was
prevented, along with the elimination of viral genomes in most
patients (23). However, the usefulness of IFN therapy is limited by
substantial side effects, such as flu-like symptoms, fatigue, and
depression (4). In contrast to conventional IFN therapies, which
directly administer synthetic IFNs, 3p-siRNA acts as a trigger fac-
tor for IFN generation in the cell. RNA recognition by RIG-I ac-
tivates a downstream signaling pathway, and the signal is greatly
amplified in multiple steps (35). We observed that a 1/10 concen-

tration of 3p-siRNA activated a much higher level of IFN pathway
activity in vitro (data not shown) than was seen with synthetic IFN.
Thus, a small amount of 3p-siRNA elicited a large amount of IFN
synthesis, thereby producing effective antiviral effects with fewer
side effects, as indicated by the absence of organ damage in the
3p-siRNA group.

Excessive activation of innate immunity by an abrupt cytokine
surge can cause damaging effects. Kim et al. suggested caution
after reporting that more nude mice with an uninhibited innate
response died after receiving a sublethal dose of coronavirus than
did wild-type mice (22). Nevertheless, our limited toxicity studies
indicated no obvious changes in morbidity or liver toxicity follow-
ing 3p-siRNA treatment. Furthermore, the toxicity of 3p-siRNA
was not reported when Hartmann’s group intravenously injected
nude mice with 2.5 mg/kg of 3p-siRNAs on 3 occasions in a mel-
anoma tumor model (30). Thus, the induction of innate immu-
nity by systematic delivery of 3p-siRNA seems to be well tolerated
by both adaptive immune-defective and immunocompetent
mice. Yet further detailed toxicity studies would be necessary be-
fore moving forward to a clinical program.

As a proof of concept, we have provided clear evidence that
CVB3-specific 3p-siRNA simultaneously produced target-specific
gene silencing and IFN induction, which enhanced antiviral activ-
ity without organ damage. This is the first direct illustration that
virus-specific immunostimulatory siRNAs contain 2 distinct
functional properties that can enhance antiviral effects in cox-
sackievirus myocarditis. This strategy for the development of ef-
fective antiviral siRNA could be applied generally to other virus-
related diseases.
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