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a b s t r a c t

Morbilliviruses are important pathogens of humans, ruminants, carnivores and marine mammals.
Although good vaccines inducing long-term immunity are available, recurrent outbreaks of measles,
canine distemper and peste des petits ruminants (PPR) are observed. In control strategies, antivirals thus
could be useful to confine virus spread and application of interfering RNAs is a promising approach,
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provided they can be delivered efficiently into the host cells. We have constructed recombinant ade-
novirus and baculovirus vectors expressing short hairpin RNAs (shRNAs) against the PPR virus (PPRV)
and compared them in vitro. It was found that both recombinant viruses inhibited PPRV replication with
the baculovirus vector, which inhibited generation of infectious progeny by more than 2 log10 and the
nucleoprotein expression of PPRV by 73%, being the more efficient. The results show that baculoviral

s hav
aculovirus
PRV

shRNA-expressing vector

RNA interference (RNAi) is an evolutionarily conserved post
ranscriptional gene silencing mechanism (Fire et al., 1998; Zhang
t al., 2004; Aagaard and Rossi, 2007). RNAi has potential for being
sed as an effective antiviral therapy if siRNAs or short-hairpin
NAs (shRNAs) can be delivered efficiently into the target cells.
orbilliviruses are important pathogens of humans, ruminants,

arnivores and marine mammals. Good vaccines inducing long-
erm immunity are available against measles, rinderpest, peste des
etits ruminants (PPR) and canine distemper. However, the vac-
ination coverage is often only partial and recurrent outbreaks
f measles, canine distemper and PPR are observed. In order to
evelop an antiviral strategy against these diseases, we previously
esigned siRNA sequences targeting the nucleoprotein (N) gene of
PR virus (PPRV), rinderpest virus and measles virus. Their effi-
acy was demonstrated in vitro after delivery by liposome-based
ransfection (Keita et al., 2008; Servan de Almeida et al., 2007).
hree sequences directed against the N gene were shown to be
ost effective. Therapeutic application of siRNA requires correct
elivery of these molecules into the cell cytoplasm which poses
ignificant problems in vivo. To overcome these problems, several
elivery strategies have been developed, including those based on
iral vectors. Recombinant replication deficient adenoviruses have
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e the potential for therapeutic use against morbillivirus infections.
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been successfully used in vitro as shRNA delivery vectors against
numerous viruses including measles virus (Uprichard et al., 2005;
Otaki et al., 2007; Sakamoto et al., 2008) and also in vivo (Kim
et al., 2008; Feng et al., 2008; Li et al., 2009). Adenoviruses have
advantages over other viral vectors as they can be produced in high
titers and can transduce a broad range of cell types (Volpers and
Kochanek, 2004). In contrast, baculoviruses like Autographa cal-
ifornica multiple nucleopolyhedrovirus (AcMNPV), only replicate
in insect cells and naturally infect insects belonging to the order
Lepidoptera. However, they can enter mammalian cells but do not
express their genes because the baculovirus promoters are inac-
tive in these cells. One of the interesting consequences of this is
the absence of pre-existing antibodies against baculovirus in mam-
mals (Kost and Condreay, 2002; Volkman and Goldsmith, 1983).
For gene transfer and expression in mammalian cells, so-called
BacMam viruses have been generated by incorporation of mam-
malian cell-active expression cassettes (Brun et al., 2008). BacMam
viruses are capable to transduce a wide variety of cells including
non-dividing cells (van Loo et al., 2001) and primary cells (Sarkis
et al., 2000). They have also been used as shRNA expression vectors
against viral infections in vitro (Lu et al., 2006; Suzuki et al., 2008,
2009; Starkey et al., 2009). In this study, a recombinant replication

deficient human adenovirus type 5 and a recombinant baculovirus
expressing a short hairpin RNA (shRNA) against PPRV were com-
pared for their antiviral efficacy in vitro.

Recombinant adenovirus expressing shRNA NPPRV1
(rAd NPPRV1shRNA) was constructed using the commercial kit

dx.doi.org/10.1016/j.antiviral.2011.02.007
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by Servan de Almeida et al. (2007).
The maximum antiviral effect of rAd NPPRV1shRNA, observed

at an MOI of 200 and 72 h after PPRV infection, reached CPE
reductions of 25% and a decrease in viral progeny production
of 0.5 log10, respectively (Table 1 and Fig. 2). Transduction with

Table 1
Effect of rBac NPPRV1shRNA and rAd NPPRV1shRNA upon percentage of CPE induction
by PPRV at 72 h and 96 h post-infection.

72 h 96 h

Virus control 75 100
rBac NPPRV1shRNA MOI 100 25 50
rBac NPPRV1shRNA MOI 200 25 25
rBac NPPRV1shRNA MOI 300 25 25
ig. 1. Schematic presentation of (a) siRNA NPPRV1 sequence, (b) shRNA seque
Bac shRNA NPPRV1.

LOCK-iTTM Adenoviral RNAi Expression System according to the
upplier’s instructions (Invitrogen). For constructing recombinant
aculovirus expressing shRNA against PPRV, an insect cell-active
FP-expression cassette was integrated into the commercially
vailable pFastBaDual to yield plasmid pBacPH GFPpolyA (Keil
t al., 2009). This plasmid was used to integrate a blunt ended
srG1 fragment (400 bp) from pENTR/U6/NPPRV1shRNA (Fig. 1).
he resulting plasmid pBacPH GFP NPPRV1shRNA was used to
enerate the recombinant baculovirus (rBac NPPRV1shRNA), as
ecommended in the Bac-to-Bac® Baculovirus Expression Systems
it (Invitrogen).

Transductions were performed on Vero cells after 24 h of culture
n 24-well plates. The rAd NPPRV1shRNA and an adenovirus express-
ng scrambled shRNA (Vector Biolabs) rAd5 SCRshRNA were added
t MOI 100, 200, 300, and 400 and the plates were further incu-
ated overnight at 37 ◦C, 5% CO2. Inocula were removed and 1 ml
f Eagle’s Minimum Essential Medium (EMEM) with 5% of fetal
ovine serum was added to each well. For baculovirus transduc-
ions, the culture medium was removed and the cells were washed
wice with Dulbecco’s phosphate-buffered saline containing cal-
ium and magnesium (Sigma–Aldrich). Then, rBac NPPRV1shRNA

nd, as a control, rBac eGFPshRNA were added to the wells at MOIs
f 100, 200, 300 and 400. The plates were incubated for 30 min

t 27 ◦C under agitation (100 rpm) and then centrifuged at 27 ◦C
or 1 h at 600 × g. Inocula were discarded and 1 ml EMEM was
dded to each well. Cells were finally infected with PPRV (MOI
.1), 24–72 h post-transduction. To assess the antiviral effect, cyto-
athic effects (CPE) were scored from 0 to 100%, at 72 and 96 h
) plasmid shuttle vector, and (d) expression plasmids for rAd NPPRV1shRNA and

post-infection. In addition, cell supernatants were collected 48, 72
and 96 h post-infection. Since CPE were consistently seen from 72 h
post-infection, they were scored from 0 to 100% at 72 and 96 h post-
infection. In contrast, virus titers could be determined as early as
48 h post-infection. The supernatants were titrated using 10-fold
serial dilutions according to Reed and Muench (1938). Viral titers
were expressed in terms of 50% cell culture infectious unit dose per
ml (CCID50/ml). The relative expression of PPRV nucleoprotein was
also measured 96 h post-infection by flow cytometry as described
rBac NPPRV1shRNA MOI 400 12.5 25

Virus control 100 100
rAd NPPRV1shRNA MOI 100 75 100
rAd NPPRV1shRNA MOI 200 75 100
rAd NPPRV1shRNA MOI 300 75 100



100 Z.A. Nizamani et al. / Antiviral Re

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

C
C

ID
5

0
/m

l

Virus

control

rAd

NPPRV1

shRNA

100

rAd  

SCR

shRNA

100

rAd

NPPRV1

shRNA

200

rAd  

SCR

shRNA

200

rAd

NPPRV1

shRNA

300

rAd  

SCR

shRNA

300

rAd

NPPRV1

shRNA

400

rAd  

SCR

shRNA

400

MOI

48H

72H

96H

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

C
C

ID
5

0
/m

l 

Virus

control

rBac

NPPRV1

shRNA

100

rBac

eGFP

shRNA

100

rBac

NPPRV1

shRNA

200

rBac

eGFP

shRNA

200

rBac

NPPRV1

shRNA

300

rBac

eGFP

shRNA

300

rBac

NPPRV1

shRNA

400

rBac

eGFP

shRNA

400

MOI

48H

72H

96H

a 

b 

F
r
a

h
h
i
t
r
p
i
M
b

were constructed and tested in vitro. This study shows that both
ig. 2. Inhibition of PPRV progeny virus production by (a) rAd NPPRV1shRNA and (b)
Bac NPPRV1shRNA 48, 72 and 96 h post-infection with PPRV MOI of 0.1. Viral titers
re expressed in terms of 50% cell culture infectious unit dose per ml (CCID50/ml).

igher MOIs did not improve inhibition of PPRV replication but
ad a deleterious effect on the cell culture which could be seen

n the form of rounding and detachment of the cells. In con-
rast, rBac NPPRV1shRNA inhibited the PPRV CPE up to 75% and
educed PPRV progeny virus titers by more than 2 log10 at 96 h

ost-infection (Table 1 and Fig. 3). No toxic effect was observed

n cells transduced with rBac NPPRV1shRNA even using the higher
OI of 400. This inhibitory effect on PPRV replication was reflected

y the up to 73% reduction of PPRV nucleoprotein expression
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by rBac NPPRV1shRNA transduction (Fig. 3). No difference in CPE
expression by PPRV was found between virus control and cells
transduced with the two recombinant viruses expressing irrelevant
or scrambled shRNA.

This study provides evidence that recombinant adenoviruses
or baculoviruses expressing active shRNAs can interfere with the
replication of PPRV. However, the baculovirus proved to be more
efficient than adenovirus when used at same MOIs. The low effi-
ciency of the adenovirus against PPRV replication differs from
studies in which other pathogens were targeted. In vitro, shRNA-
expressing adenoviruses achieved titer reductions of 3 log10 and
1.39 log10 for porcine picornavirus and circovirus when used at
MOIs of 80 and 1000, respectively (Kim et al., 2008; Feng et al.,
2008). In contrast, rAd NPPRV1shRNA did not reduce PPRV titers
more than 0.5 log10. In contrast, our recombinant baculovirus
showed a reduction of 2 log10 on PPRV infectious replication. In
comparable studies, Lu et al. (2006) and Suzuki et al. (2009)
reported a decrease in titer for a porcine arterivirus and human
influenza viruses to a maximum of 0.6 and 0.9 log10, respectively,
which is at least 1 log10 less than in the present study. In addi-
tion, the results obtained with rBac NPPRV1shRNA are in accordance
to those previously reported by our group when siRNA delivered
to cell cultures by LipofectamineTM reduced the PPRV infectious
progeny titer by 3–4 log10 and PPRV nucleoprotein expression by
90% (Keita et al., 2008).

Compared to liposomes, recombinant baculoviruses are not
aggregated and degraded by serum proteins (Li et al., 1999) and
they are easier and cheaper to produce in large quantities. How-
ever, they are susceptible to complement inactivation (Hofmann
and Strauss, 1998). Chemical or genetic modification, can over-
come this problem (Kaname et al., 2010; Yang et al., 2009).
Furthermore, it seems that baculoviruses do not have deleterious
effects on mammalian cells even when used at very high MOIs
(Andersson et al., 2007). In agreement with this report and in con-
trast to rAd NPPRV1shRNA transduction, we did not find adverse
effects in Vero cells even when transduced at an MOI of 400. In
conclusion, a recombinant replication deficient adenovirus and
a baculovirus expressing shRNA against nucleoprotein of PPRV
recombinants can inhibit PPRV replication in vitro, however, the
baculovirus vector was more efficient whether rBac NPPRV1shRNA

is suitable for inhibition of PPRV replication also in vivo needs to be
elucidated.
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