
JOURNAL OF VIROLOGY, Jan. 2011, p. 621–625 Vol. 85, No. 1
0022-538X/11/$12.00 doi:10.1128/JVI.01626-10
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

NOTES

Antiviral Effects of a Transgenic RNA-Dependent RNA Polymerase�

Jason Kerkvliet,1 Louisa Papke,1 and Moses Rodriguez1,2*
Departments of Neurology1 and Immunology,2 Mayo Clinic, Rochester, Minnesota 55905

Received 3 August 2010/Accepted 7 October 2010

Transgenic expression of the RNA-dependent RNA polymerase 3Dpol inhibited infection of Theiler’s murine
encephalitis virus (TMEV), a picornavirus from which it was derived. Here, we infected 3Dpol transgenic mice
with another picornavirus, as well as an alphaherpesvirus and a rhabdovirus. 3Dpol transgenic FVB mice had
significantly lower viral loads and survived longer after infection with all three types of viruses than nontrans-
genic FVB mice. Viral inhibition among three different types of virus by transgenic 3Dpol suggests that the
mechanism of action is not the direct interference with picornaviral 3Dpol but instead may be the changing of
host cells to an antiviral state before or after viral infection occurs, as basal interferon levels were higher in
3Dpol transgenic mice before infection. Further study of this mechanism may open new possibilities for future
antiviral therapy.

Viral infections cause many chronic devastating diseases,
and acute viral infections can be life threatening. Currently,
vaccinations are the main strategy for preventing viral epidem-
ics. Although vaccination regimens are effective, we do not
have vaccines for some common viral illnesses. Furthermore,
an effective vaccine may protect 80 to 90% of the population,
which still leaves 10 to 20% vulnerable to the illness. There-
fore, much research has focused on finding novel antiviral
therapies. Antiviral drugs have been and are presently being
developed to inhibit viral infection. These include synthetic
molecules that block viral entry or release, nucleoside analogs
which inhibit viral RNA or DNA polymerases, and small in-
terfering RNA (siRNA) strategies (4–6, 14). However, as is
also the case for vaccinations, many of these drugs are highly
virus specific. Furthermore, most antivirals developed to date
have side effects or induce the development of mutated viruses
that become resistant to treatment.

We showed that RNA-dependent RNA polymerase (3Dpol)
from Theiler’s murine encephalitis virus (TMEV) inhibited
TMEV infection and also the pathological injury associated
with persistent TMEV infection when expressed transgenically
in mice via the human ubiquitin promoter (3). We further
investigated other viral infections by using the 3Dpol transgenic
mice to test whether viruses other than picornaviruses may be
inhibited by this RNA polymerase. In this study, we infected
3Dpol transgenic and nontransgenic FVB mice with a picorna-
virus, encephalomyocarditis virus (EMCV), a alphaherpesvi-
rus, pseudorabies virus (PRV), and a rhabdovirus, vesicular
stomatitis virus (VSV).

EMCV (ATCC VR129B) is a cardiovirus in the picornavirus
family. It is closely related to TMEV and contains a viral

RNA-dependent RNA polymerase similar, although not iden-
tical, to that of TMEV. Therefore, we predicted that EMCV
would be influenced by 3Dpol transgenic mice and would serve
as a positive control. PRV 152 is an attenuated live vaccine
strain of PRV (PRV Bartha) that contains an enhanced green
fluorescent protein (EGFP)-expressing cassette cloned into the
middle of the PRV gG gene (11). Despite its name, PRV has
no relationship to rabies virus. Unlike rabies virus, which is a
rhabdovirus, PRV is an alphaherpesvirus and has a large dou-
ble-stranded DNA genome. PRV does not contain RNA-de-
pendent RNA polymers, such as 3Dpol from TMEV. VSV
(Indiana subtype) is an enveloped negative-strand RNA virus
of the rhabdovirus family, and its 11.2-kb genome encodes only
seven viral proteins (N, P, M, G, L, C, and C�) (8). This virus
also expresses a green fluorescent protein that resides between
the G and L genes (1). VSV does contain an RNA-dependent
RNA polymerase; however, it is not structurally related to
3Dpol from picornaviruses.

Mice were infected with 40 PFU of EMCV intraperitoneally,
2 � 107 PFU of PRV 152 intramuscularly, and 2 � 103 PFU of
VSV intracerebrally. All viruses chosen infect the central ner-
vous system (CNS) by the route of infection mentioned above.
We concentrated on quantifying viral load and injury in the
CNS to utilize the strengths of established techniques in our
laboratory. At a specified time point, mouse tissues were har-
vested for analysis of viral load or pathology, or the survival
days for the mice were recorded. All experiments were done in
accordance with the Mayo Clinic Institutional Animal Care
and Use Committee guidelines.

To determine whether infected transgenic 3Dpol mice had
reduced viral loads, we harvested the brain and spinal cord at
the indicated time points after infection with EMCV, PRV,
and VSV (Fig. 1A) and quantified viral RNA or DNA by
real-time quantitative PCR using SYBR green. All samples
were normalized to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), and relative viral RNA or DNA was calcu-
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FIG. 1. Viral load in 3Dpol transgenic and nontransgenic FVB mice after infection with EMCV, PRV, or VSV. (A) Relative viral RNA
transcripts (EMCV and VSV) or DNA copies (PRV). Mice were harvested 3 days after infection with EMCV or VSV and 6 days after infection
with PRV. Data were normalized to GAPDH for RNA quantitation and to genomic IL-2 for quantitation of PRV. All groups contained five mice.
(B) Quantification of cells in areas of the brain expressing GFP from VSV infection after immunoperoxidase staining. Data are expressed as the
number of positively stained cells in the �40 magnification area of maximal pathology. One dot represents an individual infected mouse. FVB,
nontransgenic mice; FVB-3Dpol, FVB 3Dpol transgenic mice.

FIG. 2. Hippocampus sections from a VSV-infected 3Dpol transgenic mouse versus a nontransgenic FVB mouse show reduced inflammatory infiltrates in
3Dpol transgenic mice (hematoxylin and eosin stain [H & E]) and reduced numbers of VSV-infected cells (anti-GFP immunoperoxidase stain).
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lated using the Livak method (10). Three days after infection
with EMCV, 3Dpol transgenic mice had 10,000-fold fewer viral
copies in both the brain (P � 0.008, rank sum) and spinal cord
(P � 0.008, rank sum) than the wild-type mice. Six days after
infection with PRV, 3Dpol transgenic mice contained 500-fold
less viral DNA in the brain (P � 0.008, rank sum) and approx-
imately 100-fold less viral DNA in the spinal cord (P � 0.008,
rank sum) than wild-type mice. Likewise, after infection with
the negative-stranded RNA virus VSV, we detected signifi-
cantly less viral RNA in the brain (P � 0.001, Student’s t test)
and spinal cord (P � 0.008, rank sum) of 3Dpol transgenic mice
than in those of wild-type mice 3 days after infection, with the
brain containing 20-fold fewer viral transcripts in 3Dpol trans-
genic mice and the spinal cord containing �1,000-fold fewer
transcripts than in wild-type FVB mice.

To confirm the reduction of viral load observed for infected
3Dpol transgenic mice by real-time quantitative PCR, we
counted cells containing GFP in the brains of VSV-infected
mice. Because the vesicular stomatitis virus expressed a green
fluorescent protein, we stained tissue sections from paraffin-
embedded sections of infected brain by immunoperoxidase
using anti-GFP. Each area of the brain was scored, and data
were expressed as the number of antigen-positive cells per 40�
high-power field in areas of maximal pathology (Fig. 1B). 3Dpol

transgenic mice contained little or no infected GFP-expressing

cells 3 days after infection in all areas of the brain examined,
whereas nontransgenic mice had significantly more virus-pos-
itive cells in the brain (P � 0.001, rank sum), with the majority
of infected cells in the brain stem, cortex, hippocampus, and
striatum. This is visually observed in the hippocampus from a
representative VSV-infected nontransgenic compared to that
of a 3Dpol transgenic mouse 3 days after infection (Fig. 2).

To determine if lower viral loads in VSV-infected 3Dpol

transgenic mice also correlated with less inflammation and
overall pathology in the brain, we scored day 3 infected mouse
brains of 3Dpol transgenic and nontransgenic FVB mice. The
methods have been previously described (7). Following fixation
by intracardiac perfusion, each area of the brain was graded on
a four-point scale as follows: 0, no pathology; 1, no tissue
destruction and only minimal inflammation; 2, early tissue de-
struction (loss of architecture) and moderate inflammation; 3,
definite tissue destruction (demyelination, parenchymal dam-
age, cell death, neurophagia, and neuronal vacuolation); and 4,
necrosis (complete loss of all tissue elements with associated
cellular debris). The area with maximal tissue damage was used
for the assessment of each brain region. 3Dpol transgenic mice
had significantly less pathological injury, overall, in the brain
(P � 0.006, rank sum) than that seen for nontransgenic mice
(Fig. 3).

Ultimately, the best indication of transgenic 3Dpol’s antiviral
function is survival after injection of lethal amounts of virus.
Therefore, mice were injected with each of the three viruses,
and survival was recorded over a period of 21 days after infec-
tion. 3Dpol transgenic mice survived significantly longer after

FIG. 3. Pathological brain scores in mice 3 days after infection with
VSV. Seven areas of the brain (cerebellum, brain stem, cortex, hip-
pocampus, striatum, corpus callosum, and meninges) were graded
based on a four-point scale as described in the text. Each point rep-
resents the score from an individual mouse.

FIG. 4. Survival of 3Dpol transgenic mice versus nontransgenic
mice after infection with EMCV, PRV, or VSV.
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infection with each of the three viruses (Fig. 4). All five 3Dpol

transgenic mice survived up to 21 days after infection with
EMCV, whereas 4 of 5 nontransgenic mice died by day 5.
Nontransgenic mice had a mean survival time of 7.4 � 0.2 days
after infection with the alphaherpesvirus PRV, whereas 3Dpol

transgenic mice survived significantly longer (P � 0.002, log
rank test), with a mean survival time of 12.8 � 2.3 days. Like-
wise, 3Dpol transgenic mice, which had a mean survival time of
13.0 � 3.7 days after infection with the rhabdovirus VSV,
survived significantly longer (P � 0.003) than the nontrans-
genic FVB mice, which had a mean survival time of 3.6 � 0.4
days.

To observe the early innate immune responses of 3Dpol

transgenic mice, we examined the RNA transcript levels of
important early immune mediators of viral infection, alpha
interferon (IFN-�), IFN-�, tumor necrosis factor alpha (TNF-
�), and interleukin-6 (IL-6), before VSV infection and 10 and
20 h after infection from the brains of nontransgenic and 3Dpol

transgenic mice (Fig. 5). Viral transcripts in 3Dpol transgenic
mice show viral inhibition as early as 10 h after infection, with
a P value of �0.001 (Fig. 5A). Of interest is the observation

that type I interferon and IL-6 levels were significantly higher
in 3Dpol transgenic mice before infection (Fig. 5B). After 10 h,
levels of all cytokines measured were similar between non-
transgenic and 3Dpol transgenic mice even though levels of
viral transcripts were already significantly higher in nontrans-
genic FVB mice. It was not until 20 h after infection that the
cytokine levels, with the exception of TNF-�, for nontransgenic
mice eclipsed those for 3Dpol transgenic mice, likely because of
higher viral loads in the nontransgenic mice. Further studies
will be done to determine whether the higher levels of type I
interferon transcripts in 3Dpol transgenic mice before infection
is the main mediator of the antiviral effects in 3Dpol transgenic
mice.

It was of interest that transgenic plants expressing viral
RNA-dependent RNA polymerases have been shown to in-
hibit specific viral infections (2, 9). Viral inhibition in replicase
transgenic plants is thought to occur from protein-mediated
(dominant negative effects) or RNA-mediated (RNA interfer-
ence) mechanisms (12, 13). In effect, the replicase transgenic
plants inhibit viral infection only from the virus from which the
transgene was derived or from closely related viruses.

FIG. 5. Viral transcripts and corresponding cytokine levels in 3Dpol transgenic and nontransgenic FVB mice before infection and 10 or 20 h
after infection with VSV. (A) Relative viral RNA transcripts in the brain after VSV infection. (B) Relative cytokine transcripts in the brain after
VSV infection. Data were normalized to GAPDH and are relative to the background threshold cycle (CT) values obtained for brains of uninfected
nontransgenic mice. The numbers of mice used were as follows: uninfected, 4 nontransgenic mice (FVB) and 4 uninfected FVB 3Dpol transgenic
mice (FVB-3Dpol); 10 hours postinfection (hpi), 4 FVB and 3 FVB-3Dpol; 20 hpi, 3 FVB and 4 FVB-3Dpol. �, statistical significance, with a P value
of �0.05 by Student’s t test (unequal variance).
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Previously, we showed that transgenic expression of 3Dpol

polymerase in mice inhibited infection of the virus from which
this polymerase was derived (TMEV). We also provided evi-
dence that this inhibitory effect on TMEV was not the conse-
quence of a change in the adaptive immune response to
TMEV, as Rag knockout of 3Dpol transgenic mice still resulted
in decreased viral loads and increased survival after TMEV
infection. Furthermore, we determined that this effect was not
due to an “insertional effect” of the transgene, as two separate
embryonic mouse lines showed a similar lack of disease pa-
thology in the spinal cord after infection with TMEV. In a
previous study, we hypothesized that this effect may be seen
only for picornaviruses or viruses containing a similar 3Dpol

RNA-dependent RNA polymerase due to a possibly less func-
tional transgenic 3Dpol competing for viral 3Dpol in the viral
replication complex (3). Our study directly tested this hypoth-
esis by using one picornavirus and two nonpicornaviruses for
infection. We showed that the hypothesis is not true, as 3Dpol

transgenic mice have a significantly lower viral load and live
longer after infection with three different types of viruses. We
now propose that the mechanism by which 3Dpol polymerase
acts is through changing some or all host cell types to an
antiviral state, possibly by stimulating some aspect of the non-
adaptive immune response before or soon after viral infection.
Finding this mechanism may open new avenues for antiviral
research and potential strategies for broad antiviral therapies
in the future.
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