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In view of the threat of the potential use of variola virus in a terrorist attack, considerable efforts have been
performed to develop new antiviral strategies against orthopoxviruses. Here we report on the use of RNA
interference, either alone or in combination with cidofovir, as an approach to inhibit orthopoxvirus replication.
Two selected small interfering RNAs (siRNAs), named siB1R-2 and siG7L-1, and a previously reported siRNA,
i.e., siD5R-2 (which targets the viral DSR mRNA), were evaluated for antiviral activity against vaccinia virus
(VACYV) by plaque reduction and virus yield assays. siB1R-2 and siG7L-1, administered before or after viral
infection, reduced VACV replication by more than 90%. Also, these two siRNAs decreased monkeypox virus
replication by 95% at a concentration of 1 nM. siB1R-2 and siG7L-1 were demonstrated to specifically silence
their corresponding transcripts, i.e., BIR and G7L mRNAs, without induction of a beta interferon response.
Strong synergistic effects were observed when siB1R-2, siG7L-1, or siD5R-2 was combined with cidofovir. In
addition, the antiviral activities of these three siRNAs were evaluated against VACYV resistant to cidofovir and
other acyclic nucleoside phosphonates. siG7L-1 and siD5R-2 remained active against four of five VACV
mutants, while siB1R-2 showed activity against only one of the mutants. Our results showed that siRNAs are
potent inhibitory agents in vitro, not only against wild-type VACV but also against several cidofovir-resistant
VACYV. Furthermore, we showed that a combined therapy using siRNA and cidofovir may be useful in the

treatment of poxvirus infections.

Following the eradication of smallpox in the late 1970s,
vaccination against smallpox was discontinued, resulting in an
increasing number of nonimmunized individuals in today’s
population, who are susceptible to poxvirus infections. Cur-
rently, the potential release of the etiological agent of small-
pox, variola virus (VARYV), by bioterrorists (5) has prompted
renewed interest in the development of safer smallpox vac-
cines, as well as new therapeutic molecules that inhibit poxvi-
rus replication. Today, there are no U.S. Food and Drug Ad-
ministration-approved drugs for the treatment of smallpox,
and only vaccinia virus immunoglobulins are available for com-
plications related to smallpox vaccination. Cidofovir [(S)-1-(3-
hydroxy-2-phosphonylmethoxypropyl)cytosine (HPMPC)], ap-
proved for treatment of cytomegalovirus retinitis in AIDS
patients, is permitted for use as an emergency treatment in the
case of a smallpox outbreak (13). Several in vitro and in vivo
studies have indeed demonstrated the inhibitory potency of
cidofovir against poxviruses by interfering with their viral DNA
polymerase (16). However, its use in humans would be limited
since the compound needs to be administered intravenously,
with a risk of nephrotoxicity (37, 38). Recently, a compound
with a novel mechanism of action, ST-246 [4-trifluoromethyl-
N-(3,3a,4,4a,5,5a,6,6a-octahydro-1,3-dioxo-4,6-ethenocycloprop|f]
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isoindol-2(1H)-yl-benzamide], proved to be a potent and specific
inhibitor of orthopoxvirus egress in vitro (72). In addition, orally
given ST-246 protected mice from lethal orthopoxvirus challenge
(54) and nonhuman primates from lethal monkeypox virus
(MPXV) challenge. This orally bioavailable molecule also dem-
onstrated its safety and tolerability in a phase I clinical trial (33)
and is currently being developed further.

However, there is still a need to enlarge the armamentarium
of antiviral molecules active against poxviruses with a different
and original mechanism of action. The selection of new anti-
poxviral compounds with different targets could also be useful
in the potential case of emergence of drug resistance to the
reference antipoxvirus agents (4, 35, 62). In this context, RNA
interference (RNAI) represents a promising strategy (60). Nu-
merous studies have demonstrated the antiviral efficacy of
small interfering RNAs (siRNAs), not only in cell cultures but
also in animal models, against several viruses associated with
human diseases, including human immunodeficiency virus,
hepatitis C and B viruses (28, 30, 31, 36, 42, 43, 45, 46, 73),
severe acute respiratory syndrome (SARS) coronavirus (39),
herpes simplex virus (53), influenza virus (26, 66), parainflu-
enza virus, respiratory syncytial virus (10, 17), and Ebola virus
(27). Previous studies also reported the inhibitory effect of
siRNAs against orthopoxvirus replication in vitro by targeting
the E3L, F11L, and D5R genes (15, 67, 68). The Poxviridae
family comprises large double-stranded DNA viruses (47). The
Orthopoxvirus genus includes VARV, MPXYV, vaccinia virus
(VACYV; used as a smallpox vaccine), and cowpox virus (CPXV).
Orthopoxviruses carry approximately 200 open reading frames,
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which can be divided into early, intermediate, and late gene
classes, with expression of each gene class dependent upon
prior expression of proteins of the preceding class. We focused
our present work on the inhibition of expression of an early
gene (BIR) and a late gene (G7L) that are essential for VACV
replication. The B1 protein is involved in viral DNA replica-
tion, and the G7 protein is required for virus morphogenesis.

B1 is an essential serine/threonine protein kinase that is
present in infecting virions (7, 56) and is required for viral
DNA synthesis, as shown by the phenotype of two tempera-
ture-sensitive mutants expressing a very labile B1 protein with-
out kinase activity (11, 55, 56). The mechanism through which
B1 contributes to DNA replication remains elusive, as the
protein does not appear to phosphorylate any of the known
components of the viral replication machinery (11). So far, the
B1 substrates identified are viral and cellular proteins. Bl
phosphorylates the viral H5 protein, which is a late transcrip-
tion factor (11), and cellular ribosomal proteins, as well as the
cellular DNA-binding protein named BAF (50) and p53 pro-
teins (57). Recent data suggested that the poxviral B1 protein
has evolved to usurp defense signaling pathways of the host
cell. Indeed, it was shown that phosphorylation of BAF or p53
mediated by B1 could contribute to the survival of infected
cells, thus allowing the course of the infection to progress
(57, 71).

The late, 42-kDa G7 protein is a component of the core of
the intracellular mature virus required for the stability and
maintenance of virosomes as well as for the attachment and
uptake of virosomal material by viral crescents to form imma-
ture virions (IV) (44). Phenotypic analyses of G7 mutant vi-
ruses have shown that G7 is essential for VACV morphogen-
esis. Inhibition of G7 protein expression had no effect on the
synthesis of viral proteins, but the proteolytic processing of
certain structural proteins was severely inhibited. It has been
shown that such inhibition of proteolytic processing is com-
monly associated with a block of VACV morphogenesis at a
stage prior to the formation of intracellular mature virions
(64).

In the present study, we demonstrated the inhibitory activ-
ities of two siRNAs, i.e., siB1R-2 and siG7L-1, against VACV
in cell cultures. We further analyzed the antiviral effects of
these siRNAs and of a previously described siRNA which
targets the DSR transcript of VACYV (68), used in combination
with the reference compound cidofovir. Moreover, we evalu-
ated the antiviral potencies of these three siRNAs against five
VACV strains bearing mutations in the viral DNA polymerase
gene (E9L) (4, 25) which are known to confer resistance to
cidofovir and other acyclic nucleoside phosphonates (ANPs).
Our results give novel insights into the inhibition of orthopox-
virus replication in cell cultures and highlight the antiviral
potential of RNA.

MATERIALS AND METHODS

Cells and viruses. A549 cells (human lung carcinoma; ATCC CCL-185) were
grown in F12K medium (Gibco, Invitrogen Corporation, United Kingdom) con-
taining 10% heat-inactivated fetal calf serum (FCS). Human embryonic lung
(HEL) fibroblasts (HEL-299; ATCC CCL-137) were cultured in Earle’s minimal
essential medium (Gibco, Invitrogen Corporation, Paisley, United Kingdom)
supplemented with 10% FCS, 1% L-glutamine, 1% nonessential amino acids, 1%
sodium pyruvate, and 1% HEPES at 37°C in a 5% CO, atmosphere. The
following viral strains were used: VACV strain Western Reserve (VACV-WR),
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MPXYV strain Copenhagen (MPXV-Cop; kindly provided by Hermann Meyer,
Bundeswehr Institute of Microbiology, Munich, Germany), and CPXV strain
Brighton (CPXV-BR; ATCC VR 302). The drug-resistant VACV-WR strains
bearing single mutations in the viral DNA polymerase gene (E9L) were A314T,
A684V, and S851Y mutants, and those harboring double mutations were
A314T+A684V and A684V+S851Y mutants. These amino acid changes have
been shown to occur following selection with cidofovir and/or HPMPDAP {(S)-
9-[3-hydroxy-2-(phosphonomethoxy)propyl]-2,6-diaminopurine} (4, 25).

Compounds. The sources of compounds were as follows: cidofovir (HPMPC),
Gilead Sciences, Foster City, CA; and HPMPDAP, Institute of Organic Chem-
istry and Biochemistry, Academy of Sciences of the Czech Republic, Prague,
Czech Republic.

Design and synthesis of siRNAs. The genome sequence of VACV-WR (based
on GenBank accession no. AY243312) was used as a template for the design of
siRNAs targeting BIR and G7L mRNAs. siRNAs were double-stranded RNAs
of 21 nucleotides containing dTdT overhangs at both 3’ ends, according to the
rules suggested by Elbashir and collaborators (20). siRNA duplexes were chem-
ically synthesized by Qiagen (Courtaboeuf, France) or Applied Biosystems
(Courtaboeuf, France). The antiviral effects of four individual BIR- and G7L-
specific siRNAs were tested, and one siRNA for each targeted gene, i.e., siBIR-2
for the BIR gene and siG7L-1 for the G7L gene, was selected based on antiviral
potency against VACV-WR replication. The siRNA sequences were as follows:
siBIR-2, 5'-AAAGGTGGATTCGGTAGTATT-3' (sense strand; corresponds
to positions 163948 to 163969 of the GenBank VACV-WR complete genome);
and siG7L-1, 5'-GCGTCGTTCTACAATTTTT-3’ (sense strand; corresponds to
positions 51652 to 51671 of the GenBank VACV-WR complete genome). A
previously described siRNA, siD5SR-2, which targets the viral D5 protein and
inhibits VACV replication, was also included in this study (68). The siControl
nontargeting siRNA (siNT) (Perbio Science, Brebieres, France), which does not
have any significant homology to the orthopoxvirus genomes or to known gene
sequences of mice, rats, or humans, was used in this study as a negative control.
The siControl TOX (siTOX) siRNA (Perbio Science, Brebieres, France) was
used to optimize the relative siRNA uptake and to control transfection efficiency.

Antiviral assays. (i) A549 cells. The siRNAs were added to approximately 60%
confluent A549 cell monolayers grown in 24-well microtiter plates. siRNAs
(siB1R-2, siG7L-1, and siNT) were used at various concentrations, ranging from
1 to 100 nM, and mixed with the transfection reagent Lipofectamine 2000
(Invitrogen, Cergy Pontoise, France). The siRNA-Lipofectamine complex was
then incubated for 20 min at room temperature, and 100 pl of this mixture was
added per well. At 24 hours posttransfection, cells were washed twice and
infected with VACV-WR, CPXV-BR, or MPXV-Cop at a multiplicity of infec-
tion (MOI) of 0.1. Following an incubation period of 2 h at 37°C, the inoculum
was removed and the cells were washed twice and further incubated in F12K
medium containing 0.4% FCS. Cells were harvested at 24 h postinfection, and
viral titers were determined. For therapeutic studies, 60% confluent A549 cells
were infected with VACV-WR at an MOI of 0.0001 for 1 hour. The inoculum
was then removed, and cells were washed twice and incubated with fresh me-
dium. Transfections of siNT, siB1R-2, or siG7L-1 were then performed at 1 h,
8 h, or 24 h postinfection by adding 100 pl of the transfection mixture (containing
100 nM of the siRNA of interest with 1.5 pl of Lipofectamine) to each well. At
24 hours posttransfection, cells were washed, cultured in F12K medium with
0.4% FCS, and harvested at 48 h postinfection. For all experiments performed
with A549 cells, virus titers were determined in Vero cells as previously described
(23). Transfection efficiency was monitored in each experiment by using siTOX,
and approximately 90% of the cells were successfully transfected.

(ii) HEL cells. The antiviral activities of the siRNAs against VACV-WR and
the five drug-resistant viruses listed above were evaluated on HEL cells. Cells
were plated at a density of 1 X 10 cells per well in 96-well microtiter plates and
then cultured for 1 day. Seventy percent confluent HEL cell monolayers were
then transfected in duplicate with the siRNA of interest, i.e., siB1R-2, siG7L-1,
siD5R-2, or siNT, at various concentrations ranging from 1 nM to 100 nM. Thirty
microliters of siRNA-Lipofectamine mixture was added to each well. One day
after transfection, cells were washed twice and infected with each viral strain at
an MOI of 0.01. At 1 hour postinfection, residual virus was removed, and cells
were washed twice and immediately replenished with fresh medium (transfected
wells) or with medium containing serial dilutions of cidofovir or HPMPDAP
(nontransfected wells). After 2 days, HEL cells were fixed with ethanol and
stained with Giemsa solution. Viral cytopathic effect (CPE) was recorded using
a scale of 0 to 5 (where 5 equals 100% CPE and 0 is no CPE), and the 50%
effective concentration (ECs,) was defined as the concentration of compound
required to reduce viral CPE by 50%. The ECsgs of the siRNAs and the com-
pounds tested against each strain were calculated as the means for three inde-
pendent experiments. Of note, the CPE recorded for the siNT-transfected in-
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fected cells was similar to that for the nontransfected infected cells. Transfection
efficiency was determined in each experiment by using siTOX, and approximately
90% of the cells were successfully transfected.

Combination assays. HEL cells were seeded 1 day prior to transfection at a
density of 1 X 10* cells per well in 96-well microtiter plates. At the time of
transfection, the cells were approximately 70% confluent. Lipofectamine 2000
was mixed with various concentrations of the siRNA of interest. At 24 hours
posttransfection, cells were washed twice and infected with VACV-WR at an
MOTI of 0.01. At 1 hour postinfection, the inoculum was removed, and cells were
washed twice. Serial dilutions of cidofovir were then added to each concentration
of the siRNA of interest. After 2 days at 37°C, the CPE was recorded as
described for the antiviral assays. The interpretation of the combination assays
with HEL cells was done as described below. Of note, the CPE recorded for the
siNT-transfected infected cells was similar to that for the nontransfected infected
cells. For the combination assays done with A549 cells grown in 24-well micro-
titer plates, siRNAs (siD5R-2, siB1R-2, and siG7L-1) were used at a concentra-
tion of 1 nM. At 24 hours posttransfection, cells were washed twice and infected
with VACV-WR at an MOI of 0.0001. At 2 hours postinfection, the inoculum
was removed as described above, and transfected or nontransfected cells were
cultured in the absence or presence of 31.75 pM cidofovir. Cells were harvested
at 48 h postinfection, and the antiviral effect of the combination of cidofovir and
the siRNA of interest on VACV-WR growth was determined by virus titers
determined with Vero cells due to the fact that we cannot observe CPE in A549
cells. The virus titers recorded for the siNT-transfected infected cells were
similar to that for the nontransfected infected cells.

Interpretation of drug interactions in combinations. The effects of treatment
of VACV-WR-infected cells with cidofovir and siRNA, alone or in combination,
were analyzed according to the isobologram method (12, 24, 29, 58, 59, 70). For
each drug combination, the ECsys were determined. The fractional inhibitory
concentration (FIC) was calculated by use of the following formulas: FICzgna =
ECs5, (siRNA combined)/ECs, (siRNA alone) and FIC,4.0vir = ECs (cidofovir
combined)/ECs, (cidofovir alone). The combined effects of the two drugs were
assessed by calculation of the FIC index (FIC;), as previously described (2, 21, 32,
65), from the graphic interpretation of isobolograms. Curves were generated by
pairing the data points of FICzrna With those of FIC 4ot0vir- The diagonal line
connecting the FIC zna Of 1 on the ordinate axis with the FIC4ofovir Of 1 on the
abscissa axis corresponds to the line of additivity (unity line). Also, the FIC; was
obtained by adding both FIC values (FIC gofovir + FICirna)- A synergistic
effect, resulting in a stronger antiviral effect than the sum of the individual effects,
was interpreted as follows: (i) FIC values falling below the unity line on the
isobolograms or (ii) FIC; of =<0.5. An additive effect, computed as the sum of the
individual effects of the drugs, was interpreted as follows: (i) FIC values falling
on the unity line or (ii) 0.5 = FIC; = 2. An antagonistic effect, where the two
compounds in combination have an overall effect that is less than that predicted
from their individual effects (60, 71), was interpreted as follows: (i) FIC values
falling above the unity line or (ii) FIC; of >2. The FIC; values were calculated
from three independent combination experiments.

Cytotoxicity assays. The toxicities of the siRNAs and the compounds on HEL
cells were evaluated based on inhibition of cell growth. Cells were seeded into
96-well microtiter plates at a density of 1 X 10* cells in 150 pl of medium per
well. After 1 day, cells were transfected with serial dilutions of the siRNA-
Lipofectamine mixture. At 1 day posttransfection, cells were washed twice and
replaced with fresh medium or with medium containing serial dilutions of cido-
fovir oo HPMPDAP. Following 3 days of incubation, the cells were trypsinized,
and the number of cells was determined as previously described (19). The
cytotoxic effects of the molecules were expressed as the 50% cytostatic concen-
tration, defined as the concentration required to reduce cell growth by 50%.

Relative quantification by RT-PCR. A549 cells (60% confluent) grown in
24-well microtiter plates were transfected with 100 nM of siB1R-2 or siG7L-1 for
24 h and infected with VACV-WR at an MOI of 3 for 3 h (siBIR-2) or 10 h
(siG7L-1). Total mRNAs were extracted using Trizol reagent (Invitrogen)
following the manufacturer’s instructions and then were treated with ampli-
fication-grade DNase I (Invitrogen). Real-time one-step reverse transcrip-
tion-PCR (RT-PCR) was carried out by using a TagMan Gold RT-PCR Kkit,
including the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control
reagent (Applied Biosystems, Courtaboeuf, France). Primer and probe se-
quences were as follows: B1R forward primer, 5'-AATCAATGGGTCGTTG
GACCAT-3'; BIR reverse primer, 5'-AATACATCATTTTTATCTCGGGT
TTCGATTGC-3'; BIR MGB probe, 5'-CCTTTTCCACCTAAGCC-6-car-
boxyfluorescein-3’; G7L forward primer, 5’CTGCAGAACAGCGTCGTT-3';
G7L reverse primer, 5'-TGTATCTCAGGTTTCGATTTGTTAACAC-3'; and
G7L MGB probe, 5'-TGTTAAAAACTGTATCAAAGTTT-6-carboxyfluoresc-
ein-3'. RT-PCR was performed using an ABI Prism 7000 SDS instrument fol-
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FIG. 1. Specific knockdown of B1R and G7L transcripts by siBIR-2
and siG7L-1 in A549 cells. Cells were transfected with siB1R-2, siG7L-1,
or siNT (100 nM) and infected 24 h later with VACV-WR (MOI of 3).
Real-time RT-PCR was performed as described in Materials and Meth-
ods. GAPDH was included as an endogenous reference and used for
normalization. Error bars represent the standard deviations (SD) of the
means of triplicates for at least two independent experiments. *, siRNAs
differ significantly from the siNT control (Student’s ¢ test; P < 0.05). There
was no significant difference between siNT-transfected infected cells and
nontransfected infected cells.

*

specific mRNA expression (%)

lowing the manufacturer’s instructions (Applied Biosystems). Results were ana-
lyzed with ABI Prism 7000 SDS relative quantification study software. Levels of
relative quantities of B1 and G7 mRNAs were normalized with GAPDH.

ELISA for IFN-B analysis. A549 cells were seeded into 24-well plates 1 day
before transfection. Cells were transfected with 100 nM (1.6 p.g/ml) of the siRNA
of interest (siNT, siG7L-1, or siBIR-2) or with 0.5 pg/ml of poly(I-C) (Sigma-
Aldrich, Saint-Quentin Fallavier, France), each of which was mixed with Lipo-
fectamine. At 24 hours posttransfection, cell culture supernatants were collected,
and human beta interferon (IFN-B) was measured by a sandwich enzyme-linked
immunosorbent assay (ELISA) kit (PBL Biomedical Laboratories Tebu-Bio, Le
Perray-en-Yvelines, France) following the manufacturer’s instructions.

Statistical analysis. Differences in the inhibitory effects of the siRNA of
interest against virus replication compared to the negative control (siNT-trans-
fected infected cells) were tested for statistical significance by using Student’s ¢
test. P values of <0.05 were considered to indicate significant differences be-
tween the two groups.

RESULTS

Specific knockdown of B1R and G7L transcripts by siB1R-2
and siG7L-1 in A549 cells. We investigated the inhibitory po-
tencies of two siRNAs, i.e., siBIR-2 and siG7L-1, against
VACV-WR replication. For that purpose, real-time RT-PCR
was performed in order to demonstrate the specific knockdown
of BIR and G7L transcripts. A549 cells were transfected with
100 nM of siB1R-2, siG7L-1, or siNT, which is a functional
nontargeting siRNA used as a negative control for potential
off-target effects caused by siRNA transfection. Twenty-four
hours later, transfected cells were infected with VACV-WR at
an MOI of 3. Total mRNAs were extracted at 3 h and at 10 h
postinfection for siB1R-2- and siG7L-1-treated cells, respec-
tively. Notably, these two time points correspond to the peaks
of production of BIR and G7L mRNAs following viral infec-
tion (22, 64). Relative quantification of the BIR and G7L
steady-state mRNA levels was then performed. As shown in
Fig. 1, siBIR-2 and siG7L-1 induced significant reductions of
B1R and G7L gene transcripts (96% and 92% inhibition, respec-
tively) compared to siNT (P < 0.05). These results confirmed the
specific targeting of BIR and G7L mRNAs by their respective
siRNAs. Also, no significant differences in levels of BIR and G7L
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FIG. 2. Dose-dependent inhibition of VACV-WR replication by specific siRNAs in A549 cells. Various concentrations of siBIR-2 (A) and
siG7L-1 (B) (1, 3, 10, 30, and 100 nM) or siNT (100 nM) were transfected into A549 cells. Twenty-four hours later, cells were infected with
VACV-WR at an MOI of 0.1 and were harvested at 24 h postinfection. Viral titers were determined as described in Materials and Methods. Error
bars represent the SD of the means of quadruplicates for at least two independent experiments. *, siBIR-2 or siG7L-1 differs significantly from
the siNT control (Student’s ¢ test; P < 0.05). There was no significant difference between siNT-transfected infected cells and nontransfected

infected cells.

mRNAs were observed between nontransfected infected cells
(virus control) and siNT-transfected infected cells.
Concentration-dependent inhibition of VACV-WR replica-
tion by RNAi in A549 cells. We then evaluated the prophylactic
inhibitory potencies of siB1R-2 and siG7L-1 against VACV-WR
replication. A549 cells were transfected for 1 day with siB1R-2 or
siG7L-1 and then infected with VACV-WR. Following 24 h of
incubation, virus production in cultures treated with siRNA con-
centrations ranging from 1 nM to 100 nM were determined and
compared to the virus production obtained in cultures treated
with 100 nM of siNT. As illustrated in Fig. 2, siB1R-2 and siG7L-1
showed a concentration-dependent inhibitory effect compared to
siNT. siBIR-2 inhibited virus replication by 68% at 1 nM and by
91% at 100 nM (P < 0.05) (Fig. 2A). The virus yields were also
significantly decreased, by 86% and 97% at 1 and 100 nM of
siG7L-1, respectively, compared to that with siNT (P < 0.05) (Fig.
2B). Thus, both siRNAs exhibited significant antiviral activity at
concentrations as low as 1 nM against VACV-WR replication,
and they inhibited virus replication in a dose-dependent manner.

Long-term antiviral potencies of siB1R-2 and siG7L-1 in
A549 cells. In order to examine the duration of sSiRNA-medi-
ated prophylactic activity, a time course study was conducted.
A549 cells were infected with VACV-WR at 24 h, 48 h, or 72 h
posttransfection with siB1R-2 or siG7L-1, and virus yields were
determined at day 1 postinfection. As shown in Fig. 3A, trans-
fection performed 24 h before infection led to a significant
inhibition of virus production (88% and 99% inhibition at a
concentration of 100 nM of siB1R-2 and siG7L-1, respec-
tively). A significant reduction of VACV-WR replication was
also observed when viral infection was performed 48 h follow-
ing siRNA transfection (i.e., 91% [siB1R-2] and 98% [siG7L-1]
inhibition). Both siB1R-2 and siG7L-1 remained active if in-
fection occurred at 72 h posttransfection, affording decreases
in virus production of 81% and 91%, respectively (P < 0.05).
Thus, the antiviral activity mediated by these two siRNAs is
preserved for at least 72 h following transfection of cells.

Therapeutic antiviral effects of siRNAs against VACV-WR-
infected A549 cells. Considering a possible use of siRNAs in
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£ oo > 60 |
5 2|
3 0] T 401
£ s

201 20-

24h 48h 72h
Transfection before infection (hours)
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FIG. 3. Prophylactic and therapeutic effects of siRNAs in A549 cells. (A) siRNAs maintain viral inhibition over an extended period. A549 cells
were infected with VACV-WR (MOI, 0.1) 24, 48, or 72 h after transfection with 100 nM of siB1R-2 or siG7L-1, and samples were harvested at
24 h postinfection. Error bars represent the SD of the means of quadruplicates for at least two independent experiments. *, P < 0.05 (siRNAs differ
significantly from the siNT control) (Student’s ¢ test). (B) Therapeutic effects of siB1R-2 and siG7L-1. Cells were infected with VACV-WR (MOI =
0.0001) and transfected with 100 nM of siB1R-2, siG7L-1, or siNT at 1, 8, or 24 h postinfection. Samples were harvested at 48 h postinfection, and
viral titers were determined in cell culture. Error bars represent the SD of the means of quadruplicates for at least two independent experiments.

*, P < 0.05 (siRNAs differ significantly from the siNT control) (Student’s ¢ test). There was no significant difference between siNT-transfected
infected cells and nontransfected infected cells.
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FIG. 4. Absence of IFN-B induction in A549 cell cultures following
siRNA transfection. IFN-B production levels were determined by
ELISA for supernatants of nontransfected cells (cell control) and cells
transfected with either siNT, siB1R-2, or siG7L-1 (100 nM = 1.6
pg/ml) or with poly(I-C) (0.5 pg/ml). Error bars represent the SD of
the means of duplicates for at least two independent experiments. *,
P < 0.05 [samples differ significantly from poly(I-C)] (Student’s ¢ test).

vivo, we explored the therapeutic inhibitory potencies of siB1R-2
and siG7L-1. A549 cells were infected with VACV-WR at an
MOI of 0.0001 and transfected with 100 nM of the siRNA of
interest at 1 h, 8 h, or 24 h postinfection. siBIR-2 decreased
virus replication by 98% (P < 0.05) when cells were transfected
at 1 h postinfection (Fig. 3B). Antiviral effects were still ob-
served when siB1R-2 was added at 8 h and 24 h postinfection,
with 97% and 75.5% reductions, respectively, in virus yield
(P < 0.05).

A similar inhibitory profile was observed with siG7L-1 (97%,
96%, and 79% reductions in virus titer when the cells were
treated at 1 h, 8 h, and 24 h postinfection, respectively) (P <
0.05). Thus, both siRNAs induced a significant antiviral effect
when administered to cell cultures for up to 24 h postinfection.

Absence of IFN-f3 induction in A549 cell cultures following
siRNA transfection. It has been reported that siRNAs can
stimulate the IFN pathway under certain circumstances (34,
61). Therefore, we examined whether siBIR-2 and siG7L-1
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were able to induce IFN-B production in uninfected A549 cell
monolayers. Supernatants were collected at 24 h posttransfec-
tion from siRNA-treated A549 cells and analyzed by ELISA
for IFN-B induction. As depicted in Fig. 4, 100 nM (1.6 p.g/ml)
of siNT, siB1R-2, or siG7L-1 failed to trigger an IFN-B re-
sponse in A549 cells, while 0.5 pg/ml of poly(I-C) induced a
strong IFN response. These results demonstrated that siB1R-2
and siG7L-1 act in a highly sequence-specific manner without
inducing an IFN-$ response.

Antiviral activities of siB1R-2 and siG7L-1 against other
human-pathogenic orthopoxviruses in A549 cells. We further
determined the antiviral potencies of siBIR-2 and siG7L-1
against MPXV-Cop and CPXV-BR growth. The sequences of
the targeted genes, i.e., BIR and G7L of MPXV-Cop and
CPXV-BR, were subjected to a BLAST search to compare
their percentages of homology. The G7L gene sequence showed
98.9% identity between MPXV-Cop and CPXV-BR, and the
BIR gene sequence revealed 96% identity. As shown in Fig. 5A,
siBIR-2 decreased MPXV-Cop replication by 90% (1 nM) and
96% (100 nM) (P < 0.05). Also, the MPXV-Cop yield was sig-
nificantly reduced, by 96% and 99% at 1 and 100 nM of siG7L-1,
respectively, compared to that with siNT (Fig. 5B). In the case of
CPXV-BR, siG7L-1 decreased the virus yield by 99% at a con-
centration as low as 1 nM (Fig. 6A). In contrast, siBIR-2 was
inactive against CPXV-BR replication (Fig. 6B). The sequence of
siB1R-2 was designed using the VACV-WR BIR gene as a tem-
plate. However, alignment of siB1R-2 with the CPXV-BR BIR
gene showed one nucleotide difference (C versus T), at position
10 in the 5" end of the sense strand of siB1R-2. Thus, this change
appeared to be responsible for the lack of antiviral activity of
siB1R-2 against CPXV-BR (Fig. 6B).

Synergistic inhibitory effects of cidofovir and siRNAs
against VACV-WR replication. Both cidofovir and siRNAs are
potent inhibitors of orthopoxvirus replication. Since these mol-
ecules have distinct targets and different mechanisms of action,
we hypothesized that combined therapy could result in a syn-
ergistic effect. Therefore, the antiviral activity of siBIR-2,
siG7L-1, or siD5R-2 (a previously described siRNA) in com-
bination with cidofovir against VACV was determined. The
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FIG. 5. Inhibition of MPXYV by siB1R-2 and siG7L-1 in A549 cells. Cells were transfected with different concentrations (1, 3, 10, 30, or 100 nM)
of siB1R-2 (A), siG7L-1 (B), or siNT (100 nM). At 24 hours posttransfection, cells were infected at an MOI of 0.1 with MPXV-Cop, and samples
were harvested at 24 h postinfection. Viral titers were determined in cell culture. Error bars represent the SD of the means of quadruplicates for
at least two independent experiments. *, P < 0.05 (siRNAs differ significantly from the siNT control) (Student’s ¢ test). There was no significant
difference between siNT-transfected infected cells and nontransfected infected cells.
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FIG. 6. Inhibition of CPXV by siG7L-1 but not by siB1R-2 in A549 cells. Cells were transfected with various concentrations (1, 3, 10, 30, or
100 nM) of siG7L-1(A), siB1R-2 (B), or siNT (100 nM). At 24 hours posttransfection, cells were infected at an MOI of 0.1 with CPXV-BR, and
samples were harvested at 24 h postinfection. Viral titers were determined in cell culture. Error bars represent the SD of the means of
quadruplicates for at least two independent experiments. *, P < 0.05 (siRNAs differ significantly from the siNT control) (Student’s ¢ test). There
was no significant difference between siNT-transfected infected cells and nontransfected infected cells.

antiviral effects were evaluated using a CPE reduction assay of
HEL cells. Combination indexes were calculated using the
isobologram method. The FICs obtained for cidofovir and for
each siRNA were plotted on the x and y axes, respectively, to
generate isobolograms (Fig. 7A to C). The antiviral effects of
the different combinations were strongly synergistic against
VACV-WR replication (Fig. 7A to C), while no increase in
cytotoxicity was noted (data not shown). The mean FIC; value
calculated from three independent experiments was <0.5 for
each combination of cidofovir and siRNA (Student’s ¢ test; P <
0.05) (Table 1).

The synergistic effect of these combinations was also con-
firmed in A549 cells. The antiviral effect of cidofovir (32 pM)
combined with each siRNA (1 nM) was assessed by virus yield
reduction assays with A549 cells. As shown in Table 2, a 1.1-log
decrease in virus yield was observed when cidofovir was com-
bined with siB1R-2, whereas only a 0.5-log reduction was seen
with each compound alone. The cidofovir—siD5R-2 and cido-
fovir—siG7L-1 combinations resulted in 2.8- and 3.0-log reduc-
tions in VACV yield, respectively, compared to that with siNT
(Student’s ¢ test; P < 0.05), whereas these molecules alone

Ay
104¢
0.8

0.6

FIC siB1R-2

0.4

decreased virus titers by 0.5 log (cidofovir) and 1.2 log
(siG7L-1 or siD5R-2) (Student’s ¢ test; P < 0.05). These ex-
periments confirmed that the combination of cidofovir and
siRNAs resulted in a greater inhibition of VACV-WR growth
than that afforded by the sum of effects for each compound
alone.

Antiviral activities of siRNAs against cidofovir-resistant
VACY strains harboring specific mutations in the viral DNA
polymerase gene. We also explored whether siB1R-2, siG7L-1,
and siD5R-2 (61) were able to inhibit the growth of five VACV
strains bearing single or double mutations in the viral DNA
polymerase gene (E9L). These mutations were previously de-
scribed and have been associated with resistance to the refer-
ence antipoxvirus compound cidofovir and other ANPs, includ-
ing HPMPDAP (4, 25). The efficacy of each siRNA against the
different VACV-WR DNA polymerase mutants compared to
that against the wild-type virus VACV-WR was evaluated in
HEL cell cultures by CPE reduction assay. Cells were trans-
fected 1 day before infection with the siRNA of interest or
were treated at 1 hour postinfection with cidofovir or
HPMPDAP. Virus-induced CPE was recorded at day 2 postin-
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FIG. 7. siRNAs combined with cidofovir are strongly synergistic against VACV-WR replication in HEL cells. (A to C) Isobolograms showing
the effect of a combination of cidofovir with either siBIR-2 (A), siG7L-1 (B), or siD5R-2 (C) against VACV-WR growth in HEL cells. The
numbers on the axes represent normalized FIC values (see Materials and Methods). The diagonal line connecting the FIC ;zn4 0f 1 on the ordinate
axis with the FIC 40 Of 1 0n the abscissa axis corresponds to the line of additivity (unity line). Experimental data points located below, on, and
above the unity line indicate synergy, additivity, and antagonism, respectively. Combination measurements were done in three independent
experiments, and the most representative data are shown.
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TABLE 1. Determination of FIC; values in HEL cells

Drug siRNA FIG;

combination Expt 1 Expt 2 Expt 3 Mean * SD
Cidofovir-siB1R-2 0.32 0.3 0.3 0.31 = 0.01
Cidofovir-siG7L-1 0.5 0.33 0.5 0.44 = 0.10
Cidofovir-siD5R-2 0.48 0.5 0.43 0.47 = 0.04

fection, and ECsys for the different siRNAs, cidofovir, and
HPMPDAP were calculated for each viral strain (Table 3). The
ECss for cidofovir and HPMPDAP are in agreement with
previously published data for these mutants and confirm their
resistance profiles for cidofovir and/or HPMPDAP (4, 25).
Mutant viruses bearing single mutations, i.e., A314T, A684V,
and S851Y mutants, were less resistant to cidofovir and to
HPMPDAP (mean ECyys of 147 wM and 37 uM, respectively)
than those carrying double mutations (mean ECs,s of >159
pM and 147.5 pM, respectively) and more resistant than the
wild-type virus (mean ECss of 34 uM for cidofovir and 9 pM
for HPMPDAP). The ECs,s obtained for siDSR-2 and siG7L-1
against the wild-type virus were 0.016 and 0.011 wM, respec-
tively, whereas siB1R-2 proved to be less active, with an ECs,,
of 0.1 M (Table 3). siRNAs exhibited three different spectra
of antiviral activities (ECs,s for mutant viruses were similar to,
lower, or higher than that of the wild-type virus), depending on
the amino acid substitution(s) in the viral DNA polymerase
associated with resistance to the ANPs. As a general conclu-
sion, it appears that siD5R-2 and siG7L-1 affected the repli-
cation of these viral mutants in similar ways. Thus, viruses
bearing the A314T or S851Y change were more sensitive to the
inhibitory action of these two siRNAs, with ECyys that were
3.2-fold (siD5R-2) and 1.6-fold (siG7L-1) lower for the A314T
mutant and ~5-fold lower for the S851Y mutant than for the
wild-type virus. In contrast, the virus bearing the A684V
change appeared to be less sensitive to siDSR-2 and siG7L-1
(ECsos were 2.5-fold and 6.4-fold higher, respectively, than
those for the wild-type virus). Mutant viruses encoding the
double substitutions (A314T+A684V and A684V+851Y) ex-
hibited a susceptibility to siDSR-2 or siG7L-1 that was com-
parable to that of the wild-type strain (P > 0.05). In the case of
siB1R-2, no inhibition of virus replication was observed with
any of the mutants at the higher concentration of siRNA tested
(i.e., 0.1 wM), except for the S851Y mutant, which displayed
increased sensitivity (ECs, = 0.02 pM for the S851Y virus,
compared to 0.1 wM for the wild-type virus). The presence of
the S851Y mutation appeared to significantly enhance the an-
tiviral activities of siD5R-2, siG7L-1, and siB1R-2, while the
presence of the A684V mutation resulted in a decreased sen-
sitivity to these siRNAs. In contrast, the A314T mutation af-
fected the activities of these three siRNAs in a different way,
i.e., caused increased sensitivity to siD5R-2 and siG7L-1 and
decreased sensitivity to siBIR-2. On the other hand, the com-
bination of the A314T+A684V and A684V+S851Y mutations
seemed to abrogate the effects of each individual change and
resulted in a null effect, since the antiviral activities observed
with siD5R-2 and siG7L-1 against these double mutants were
similar to that seen against the wild-type virus.

siRNA INHIBITION OF ORTHOPOXVIRUSES 2585

TABLE 2. Antiviral activities of siRNAs in combination with
cidofovir in A549 cells®

Virus titer reduction
(log,, TCIDs,/ml)®

Enhancement of Synergistic

siRNA siRNA in cidofovir activitv® interaction?
siRNA  combination (logyo TCIDs¢/ml)  (log,y TCIDsy/ml)
alone with
cidofovir
siB1R-2 0.5 1.1 +0.6 +0.1
siG7L-1 1.2 2.8 +2.3 +1.1
siD5R-2 1.2 3.0 +2.5 +1.3
0.5

“ Cells were transfected with the siRNA of interest (siDSR-2, siBIR-2, or
siG7L-1) at a concentration of 1 nM. At 24 hours posttransfection, cells were
infected with VACV-WR at an MOI of 0.0001 and then treated or not with
cidofovir (32 pM). Samples were harvested at 48 h postinfection, and viral titers
(log,o 50% tissue culture infective dose [TCIDs,]/ml) were determined in cell
culture.

® Means of triplicate experiments.

¢ Enhancement of cidofovir activity was calculated with the following formula:
enhancement of cidofovir activity = (virus titer with combination of cidofovir
and siRNA) — (virus titer with cidofovir alone).

@ The synergistic effect of the combination was calculated with the following
formula: synergistic interaction = (viral titer with combination of cidofovir and
siRNA) — (titer with siRNA alone + titer with cidofovir alone).

DISCUSSION

Currently, there is a need to develop novel antipoxvirus
drugs due to the threat represented by the potential use of
VARY as a bioweapon and the increasing number of poxvirus
infections in humans (1, 52). Indeed, no specific medical treat-
ment for smallpox other than supportive care is available, and
no approved antiviral treatment exists. However, two antivirals
are recommended by the U.S. Centers for Disease Control in
case of a smallpox outbreak: they are cidofovir and a drug
under development, i.e., ST-246, which is available as an in-
vestigational new drug. Novel antiviral approaches are still
demanded to enlarge the collection of compounds active
against orthopoxviruses. Today, the use of RNAi drugs as a
therapeutic strategy to manage viral infections can be consid-
ered because multiple siRNA targets can be chosen within
conserved viral genes. The in vitro effectiveness of orthopox-
virus siRNA-based treatment by targeting the conserved viral
gene was demonstrated in our previous study (68). In this
study, we complement the previous study and provide new
insights into the antiviral potencies of other siRNAs specifi-
cally designed to target essential viral gene transcripts of hu-
man-pathogenic orthopoxviruses.

The two novel siRNAgs, i.c., siBIR-2 and siG7L-1, assessed
in the present study demonstrated their inhibitory activities
against VACV-WR in two different cell types, i.e., epithelial
and fibroblast cells. Virus yield experiments showed a prophy-
lactic effect of siG7L-1 and siB1R-2, with a dose-dependent
inhibition of virus growth, with a concentration of 1 nM of each
siRNA still being effective. This prophylactic effect persisted
for at least 72 h, showing the relative stability of these siRNAs
in the cells, as well as the long-lasting siRNA-mediated silenc-
ing effect. A similar degree of antiviral potency has already
been reported for siD5R-2, developed in our laboratory (68).
Moreover, our results are in line with previous studies dem-
onstrating that the effects of siRNAs have a relatively long
half-life (from 5 to 7 days after transfection) (8, 63). The
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TABLE 3. Antiviral activities of cidofovir, HPMPDAP, and siRNAs against different VACV-WR DNA polymerase mutants

Antiviral activity (ECso)* (nM)

VACV-WR DNA polymerase mutants”

Compound
VACV-WR Single mutants Double mutants

A314T A684V S851Y A314T+A684V A684V+S851Y
Cidofovir 34+5 139* + 17 151* £ 13 151 £ 8 >159* £ 0 >159* £ 0
HPMPDAP 9+2 59* + 26 32% x5 21* =5 138* £ 13 >157* £ 0
siD5R-2 0.016 = 0.01 0.005* = 0.001 0.04* = 0.01 0.003* = 0.0003 0.018 = 0.004 0.012 = 0.004
siG7L-1 0.011 = 0.005 0.007* = 0.003 0.07* = 0.03 0.002* # 0.0008 0.02 = 0.01 0.03 £ 0.02
siB1R-2 0.1 =0.0 >0.1 £0.0 >0.1 = 0.0 0.02* £+ 0.008 >0.1 0.0 >0.1 = 0.0

“ The ECs, of each compound represents the mean = SD of the ECsys from at least three independent experiments. The 50% cytostatic concentrations of cidofovir

and HPMPDAP were >159 pM, and that of each siRNA was >0.1 pM.

> Mutations were identified in the VACV-WR DNA polymerase gene and were responsible for the resistance phenotypes observed with cidofovir (A314T, A684V,
and A314T+A684V) and HPMPDAP (S851Y and A684V+S851Y). *, P < 0.05 (ECs¢s of siRNAs and compounds against VACV-WR DNA polymerase mutants differ

significantly from ECss against the wild-type strain) (Student’s ¢ test).

antiviral effects seen with siG7L-1 and siB1R-2 were highly
specific because both siRNAs knocked down the transcripts of
the genes of interest, as shown by RT-PCR. However, it has to
be noticed that poxviruses produce late mRNA transcripts that
are unusually long and may overlap several open reading
frames (6, 40). These important data suggest that the mRNA
levels of several late genes located upstream of G7L, such as
L3L and J5L, may also be reduced by treatment with siG7L-1.
Such an indirect effect could contribute to an increased anti-
viral potency of a specific siRNA targeting a late gene. In
addition, the inhibitory activities were not related to induction
of an IFN response (61). A therapeutic effect of siG7L-1 and
siBIR-2 could be observed in cell culture, since viral replica-
tion was reduced by 80% when siRNAs were administered to
the cells for up to 24 h postinfection. siG7L-1 proved its anti-
viral activity against the other pathogenic orthopoxviruses
tested in this study, i.e., MPXV-Cop and CPXV-BR. In con-
trast, siB1R-2 reduced MPXV-Cop replication but failed to
inhibit CPXV-BR. The inactivity of siB1R-2 against CPXV-BR
could be explained by the presence of a central single nucleotide
change between the target sequence and the siRNA (at posi-
tion 10 of the 5’ end of the sense strand). This observation
highlights the importance of base paring between the central
regions of the siRNA and the target site (3, 14). Several studies
demonstrated that many peripheral nucleotide changes can be
well tolerated, but a stringent homology for central residues
appears to be crucial for conserving the silencing capability (9,
18, 41). It should be noted that both the siBIR-2 and siG7L-1
sequences match perfectly with the target sequences of VARV,
suggesting that these two siRNAs should be active in vitro
against VARYV replication.

Due to the potential nephrotoxic risk associated with cido-
fovir therapy, combination drug regimens might be a solution
for reducing such an adverse effect (37, 38). Previous reports
have described the advantages of drug combination for the
treatment of viral infections (49, 51) compared with mono-
therapy. Several factors promote the use of combined therapy,
including the reduction of drug dosages, with an equivalent
efficacy, lowering the potential risk of toxicity, and delaying or
preventing the appearance of drug resistance. The benefit
of drug combination has already been demonstrated for or-
thopoxvirus infections in mice for two compounds, ST-246 and
CMXO001, an ether-lipid-cidofovir conjugate (hexadecylpro-

panediol-cidofovir) (54). In the present study, we investigated
the antiviral potency of siRNAs combined with cidofovir
against VACV-WR growth in cell culture. This investigation
was motivated by the fact that these two inhibitors have dif-
ferent mechanisms of action and distinct targets. In our hands,
the antiviral effects when siB1R-2, siG7L-1, or siD5R-2 was
combined with cidofovir were more potent than those seen
with the sum of effects of each drug alone. These results clearly
demonstrated the synergism of the siRNA and cidofovir com-
bination. Moreover, combination of these molecules did not
result in increased toxicity for the cell cultures. However, fur-
ther studies are still required to demonstrate the benefit of
double therapy with siRNA-cidofovir in vivo.

We finally investigated the activity of siB1R-2, siG7L-1, or
siD5R-2 against VACV-WR strains harboring specific muta-
tions in the viral DNA polymerase which are known to confer
resistance to cidofovir and HPMPDAP. These two molecules
belong to the ANP family and are known to inhibit poxviruses
by interfering with the viral DNA polymerase, encoded by the
E9L gene in VACV (4, 25). Several mutations conferring a
resistance phenotype have been mapped to the E9L gene of
VACV (4, 35). Although these viruses were highly resistant in
vitro, they also exhibited a decreased pathogenicity in vivo
compared to that of the wild-type VACV strain (4). ECys for
each siRNA against mutant and wild-type viruses were ex-
pected to be similar since the mechanism of action of
siRNAs and their targets differs from those of cidofovir and
HPMPDAP. However, interesting differences in the potency
of siRNAs against mutant viruses were found. We showed
that siG7L-1 and siD5R-2 were active against four of five
VACV-WR mutants; only the mutant virus bearing the A684V
change proved to be less sensitive to these two siRNAs. On the
other hand, siB1R-2 was poorly active against the wild-type
virus (ECs, = 0.1 wM) in human fibroblasts, and except for the
S851Y mutant, which was hypersensitive to this siRNA, all
mutants were not inhibited by siBIR-2 at the higher concen-
tration assessed (0.1 uM). An interesting feature was noticed
with the VACV carrying the S851Y mutation, which was hy-
persensitive to all three siRNAs, i.e., siBIR-2, siG7L-1, and
siD5SR-2. This phenomenon can be explained by its reduced
replicative capacity in vitro, as reported in a previous study (4).
In contrast, the A684V mutant virus appeared to be less sen-
sitive to siDSR-2 and siG7L-1. Why the A684V mutation coun-
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teracted the antiviral effects of siDSR-2 and siG7L-1 is unclear.
In our hands, siDSR-2 silenced the D5 transcript by more than
90% and knocked down the expression of the D5 protein in
cells infected with wild-type VACV-WR (68). Looking at the
role of the D5 protein in viral replication, we hypothesized that
the A684V mutation could alter the E9 protein by rendering it
less dependent on the role of D5. Indeed, DS is included within
the replication complex of orthopoxviruses and interacts with
the A20 protein, the stoichiometric component of the proces-
sivity factor of the catalytic subunit of the viral DNA polymer-
ase (E9). We suggested that the A684V mutation, located in
the DNA polymerase catalytic domain, might lead to the pro-
duction of a mutated E9 protein which is less dependent on the
interaction between D5 and A20 proteins. In the case of
siG7L-1, we cannot explain the resistance phenotype seen with
the virus bearing the A684V mutation: the G7 protein is re-
quired in the early stages of VACV morphogenesis and is not
recognized to play a role in viral DNA synthesis. Interestingly,
no cross-resistance to siRNAs was seen with the double mutant
viruses (A314T+A684V and A684V+S851Y). The presence of
the A314T and S851Y mutations, located in the 3'—5" proof-
reading exonuclease domain and in the C-terminal DNA poly-
merase domain of the E9 protein, respectively, seemed to
abrogate the siRNA resistance phenotypes observed with the
single A684V mutation. These results show the importance of
testing new drug candidates such as siRNAs against well-char-
acterized drug-resistant viruses.

The most common route of VARV infection is via aerosol
(48), with the mouth, trachea, and lungs being the sites of
primary replication of the virus. siRNAs have been reported to
be effective in vivo following intranasal or intravenous adminis-
tration in several models of viral respiratory diseases, such as
those associated with influenza virus, respiratory syncytial virus,
paramyxovirus, and SARS coronavirus (10, 66, 74). Therefore,
the use of siRNAs to inhibit orthopoxviruses in vivo appears to be
conceivable, although our previous results on the efficacy of na-
ked siRNAs in CPXV-infected mice are not reproducible (69).
This lack of reproducibility can be explained by the use of naked
siRNAs; thus, it seems mandatory to evaluate the efficiency of
chemically modified siRNAs. Experiments are currently ongoing
to investigate the antiviral activities mediated by chemically mod-
ified siG7L-1, siB1R-1, and siD5R-2 and by lipid-based nanopar-
ticles for nucleic acid delivery in different mouse models of or-
thopoxvirus infections (60).

In conclusion, we have demonstrated the antiviral potencies
of siRNAs against wild-type orthopoxviruses and against four
of five cidofovir-resistant VACV. Also, this is the first report
showing that combined therapies of siRNAs with cidofovir can
be a promising approach in antipoxviral chemotherapy. Fur-
ther studies are necessary to evaluate the antiviral efficacies of
chemically modified siG7L-1, siB1R-1, and siD5R-2, as well as
of a combined siRNA-cidofovir therapy, in animal models of
orthopoxvirus infections.
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