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The Early Interferon Response to Rotavirus Is Regulated by PKR and
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In mouse embryonic fibroblasts (MEFs), the bovine rotavirus (UK strain) but not the simian rhesus
rotavirus (RRV) robustly triggers beta interferon (IFN-�) secretion, resulting in an IFN-dependent restriction
of replication. We now find that both rotavirus strains trigger antiviral transcriptional responses early during
infection and that both transcriptional responses and IFN-� secretion are completely abrogated in MAVS/
IPS-1�/� MEFs. Replication of UK virus could be rescued in MAVS/IPS-1�/� MEFs, and synthesis of viral
RNA significantly increased early during virus infection. UK virus induced IFN-� secretion and transcription
of IFN-stimulated genes (ISGs) in both RIG-I�/� and MDA-5�/� MEFs, and neither receptor was essential by
itself for the antiviral response to UK rotavirus. However, when receptors RIG-I and MDA-5 were depleted
using RNA interference, we found that both contribute to the magnitude of the IFN response. IRF3 was found
to be essential for MAVS/IPS-1-directed ISG transcription and IFN-� secretion during rotavirus infection.
Interestingly, absence of the double-stranded RNA-dependent protein kinase PKR led to a profound defect in
the capacity of host cells to secrete IFN-� in response to virus. Both PKR and IRF3 restricted the early
replication of UK as indicated by significant increases in viral RNA in fibroblasts lacking either gene. Despite
the loss in IFN-� secretion in PKR�/� MEFs, we did not observe decreased IRF3- or NF-�B-dependent early
ISG transcription in these cells. Levels of transcripts encoding IFN-�4, IFN-�5, and IFN-� were high in
infected PKR�/� MEFs, indicating that during rotavirus infection, PKR functions at a stage between IFN gene
transcription and subsequent IFN-� secretion. These findings reveal that activation of the antiviral response
by rotavirus is dependent on MAVS/IPS-1 and IRF3 and involves both RIG-I and MDA-5 and that IFN-�
secretion during rotavirus infection is regulated by PKR.

Rotaviruses are etiological agents of severe dehydrating di-
arrhea in infants and young children and cause nearly 600,000
deaths globally every year (34). Rotaviruses are nonenveloped
icosahedral members of the family Reoviridae and contain 11
segments of genomic double-stranded RNA (dsRNA) within a
triple-layered particle. Several rotavirus vaccines have been
developed to reduce rotavirus-associated mortalities (26);
some are based on a modified Jennerian principle of rotavirus
attenuation in the heterologous host. This phenomenon is
termed host range restriction and is manifested by poor repli-
cation of rotaviruses in heterologous hosts compared to that in
the homologous host (1). For example, bovine, lapine, and
simian rotaviruses are all restricted for replication in humans.
We are interested in understanding the mechanisms underly-
ing host range restriction of rotaviruses in order to improve our
basic knowledge of viral pathogenesis and because of the im-
portance of these mechanisms in rational attenuation of vac-
cine candidates.

In primary mouse embryonic fibroblasts (MEFs), several
heterologous (nonmurine) rotavirus strains, including the bo-
vine UK strain, are replication restricted by the host type I
interferon (IFN) response (17, 53). In contrast, replication of
homologous murine EW virus and the heterologous simian
rhesus rotavirus (RRV) strain is insensitive to the presence of
the interferon system. In a mouse model of rotavirus infection,
RRV replication in gallbladder epithelia correlates with its
ability to suppress the IFN response (N. Feng et al., submitted
for publication). The rotavirus gene segment encoding the
nonstructural protein 1 (NSP1) is an important determinant of
host restriction of viral replication both in vitro (17, 53) and in
vivo (9). Specifically, we along with others have reported a role
for NSP1 in regulating the ability of rotavirus to efficiently
cause diarrhea in mice (9), spread from animal to animal (9),
replicate in vivo and in vitro (4, 15–17), and antagonize IFN (4,
5, 17, 24, 25, 53). Thus, the host innate immune response is an
important determinant of rotavirus host range restriction and
depends on both the virus strain and host cell or tissue type.

Mammalian innate immunity to viral infection is critically
dependent on a successful type I IFN response (49). The early
IFN response involves initial recognition of virus within in-
fected cells by activation of host pattern recognition receptors
(PRRs) by pathogen-associated molecular patterns (PAMPs)
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such as viral RNA (60). The two major types of host PRRs that
recognize viral RNA in the cytoplasm of nonplasmacytoid den-
dritic cells (non-pDCs) are the cytosolic retinoic acid-inducible
gene-like receptors (RLRs) and membrane-bound Toll-like
receptors (TLRs). Studies using knockout (KO) mice indicate
that RLRs, but not the TLR system, are required for the
antiviral IFN response in most cell types, including fibroblasts,
epithelial cells, and conventional dendritic cells (40, 49, 54, 60,
61). RLRs respond to virus infection by signaling through the
mitochondrial antiviral signaling adaptor (MAVS, also known
as IPS-1/VISA/Cardif), which results in activation of host tran-
scription factors, including interferon regulatory factor 3
(IRF3) and NF-�B, that orchestrate an early IFN-independent
transcriptional program (40, 54, 61). Transcripts synthesized
during this phase, including those encoding IFN-� and other
antiviral proteins such as p54, p56, and p15, characterize the
early antiviral state (49). Interferons, synthesized and secreted
from infected cells, in turn direct amplification of the response
and transcription of a broader range of antiviral genes in both
an autocrine and paracrine manner, leading to establishment
of the antiviral state (49). The two best characterized RLRs—
RIG-I (retinoic acid-inducible gene I) and MDA-5 (melanoma
differentiation-associated gene-5)—are cytoplasmic RNA he-
licases belonging to the DEXD/H box family, and each re-
sponds to distinct viral ligands (7, 31, 37–39, 44, 47, 51, 63).
RNA viruses can be sensed by RIG-I (hepatitis C virus, Sendai
virus, influenza virus, vesicular stomatitis virus, Newcastle dis-
ease virus, rabies virus, reovirus, and Japanese encephalitis
virus), by MDA-5 (picornaviruses), or by both RIG-I and
MDA-5 (dengue virus and West Nile virus) (7, 60). Other
studies using purified RNA ligands, including viral genomic
dsRNA (38), have demonstrated that RIG-I primarily recog-
nizes short dsRNA and phosphate present as 5�-triphosphate
moieties or monophosphates on the 5� or 3� ends of short
dsRNA, whereas MDA-5 mainly recognizes longer dsRNA
and higher-order structures formed by RNA (46).

With the exception of strains that contain rearranged genes
resulting in truncated NSP1 proteins (3–5, 24, 29), nondefec-
tive rotavirus strains can generally negate the IFN response. At
least two distinct mechanisms by which rotaviruses inhibit the
host IFN response have been reported: (i) NSP1-mediated
proteasomal degradation of host transcription factors IRF3
and IRF7, resulting in diminished IFN-� gene transcription
and antiviral activity (4, 5), and (ii) proteasomal degradation of
�-TrCP, leading to inhibition of NF-�B activity and subsequent
IFN-� gene transcription (24). In contrast to these examples,
we reported that the UK bovine rotavirus strain was unable to
block IFN-� secretion in murine fibroblasts (17), and this cor-
related with the lack of murine IRF3 degradation by UK NSP1
(53). However, the defect in UK NSP1 function was specific to
murine IRF3 and not to human or simian IRF3 proteins. UK
was thus identified as a rotavirus strain that was unable to
block IFN secretion via the activation of the early innate im-
mune response in murine but not simian cells (17, 53). Al-
though studies have addressed several mechanisms by which
rotaviruses inhibit the IFN response, it is still not clear how
rotaviruses that are host restricted are able to activate the host
early innate immune response.

In this study, we found that rotaviruses activate the early
innate transcriptional response and IFN-� secretion in an

MAVS/IPS-1-dependent manner. Using MEFs derived from
either RIG-I or MDA-5 knockout mice as well as double
knockdowns induced by transient expression of small interfer-
ing RNA (siRNA), we found that neither RIG-I nor MDA-5 is
essential for rotavirus-mediated activation but that both PRRs
contributed to the IFN response. Using siRNA-induced inhi-
bition, we found that TLR3 was dispensable for mediating the
host response to UK rotavirus. In addition, our studies dem-
onstrated that the double-stranded RNA-dependent protein
kinase (PKR) is essential for IFN-� secretion from rotavirus-
infected cells. However, PKR is not required for the early
antiviral transcriptional response to the virus or for the tran-
scription of IFN-� and IFN-� genes. In contrast, IRF3 is es-
sential for both transcriptional and secretory aspects of the
antiviral response. These findings reveal that rotaviruses trig-
ger the host innate immune response by both MDA-5- and
RIG-I-dependent signaling to MAVS/IPS-1 and IRF3, result-
ing in transcription of several early antiviral genes, including
the IFN-� gene, and that PKR is essential for secretion of
IFN-� from activated cells.

MATERIALS AND METHODS

Cells and viruses. African green monkey kidney MA104 cells were purchased
from the American Type Culture Collection (ATCC) and were maintained in
Dulbecco’s modified Eagle medium (DMEM; Cellgro) or M199 medium for
MA104 cells containing 10% fetal calf serum (Invitrogen) supplemented with
penicillin and streptomycin (complete DMEM). Mutant mouse embryonic fibro-
blasts used were described earlier: MAVS/IPS-1�/� (58), RIG-I�/� (Katherine
Fitzgerald, University of Massachusetts) (37), MDA-5�/� (23), IRF3�/� (30),
and PKR�/� (8). Control wild-type (WT) MEFs derived from an identical
genetic background (harboring MAVS/IPS-1, MDA-5, and IRF3) or identical
mouse strain (RIG-I and PKR) were used. Rotavirus strains RRV and UK were
propagated in MA104 cells, and titers were determined plaque assay as described
previously (32). Inactivated virus was prepared by incubation with 80 �g/ml
psoralen (Sigma) and exposure to a UV light source (GBL-100C; G. B. Gate and
Co.) on ice at a distance of 7.5 cm for 40 min. Inactivated virus preparations were
not infectious as analyzed by plaque assay (data not shown).

Reagents and antibodies. Poly(I:C) was purchased as a sodium salt (Sigma)
and dissolved in water to obtain a 2.5 mg/ml stock solution. Short (0.2 to 1.0 kb)
and long (1.5 to 8.0 kb) poly(I:C) preparations were purchased as formulations
precomplexed with a transfection reagent [LyoVec-poly(I:C); Invitrogen]. Puri-
fied RRV dsRNA was prepared from concentrated virus stocks obtained by
cesium chloride density gradient ultracentrifugation as described previously (15)
using Trizol (Invitrogen) per the manufacturer’s recommendations. Following
chloroform extraction, RNA was precipitated with 4 M LiCl at 4°C, washed twice
in 70% ethanol, and resuspended in RNase-free water. Commercial antibodies
were obtained from the following suppliers: anti-IRF3 (FL-325 rabbit antibody
from Santa Cruz Biotechnology), anti-tubulin (mouse monoclonal from Sigma),
anti-p56 and anti-p54 (rabbit polyclonals from Thermo Scientific), anti-IRF7
(H-246 rabbit polyclonal from Santa Cruz Biotechnology), anti-VP6 (2B4 mouse
monoclonal from Santa Cruz Biotechnology), and secondary horseradish perox-
idase (HRP)-conjugated anti-mouse and anti-rabbit polyclonal antibodies (Am-
ersham).

Virus infections and transfections. Cells were plated in 6-well or 24-well
cluster plates and infected when confluent after 18 to 36 h. Cells were washed
three times with DMEM without additives, and virus was added at the multi-
plicity of infection (MOI) specified in the figure legends and adsorbed at 37°C for
1 h. Cells were then washed three times, and infection was allowed to proceed in
DMEM lacking serum for the times indicated on the figures or in the legends.
For quantifying infectious virus, 0.5 �g/ml trypsin (Sigma) was included in the
DMEM, infected MEFs were collected 48 h later, and virus was released by three
freeze-thaw cycles. Clarified supernatants were used for infection of MA104 cells
following trypsin activation at 5 �g/ml for 1 h at 37°C. Virus titration was
performed using a fluorescent focus-forming assay in MA104 cells as described
previously (17). For transfection of poly(I:C) or purified rotavirus dsRNA, Li-
pofectamine 2000 (Invitrogen) was used at a ratio of 3:1 (vol/wt, Lipofectamine-
RNA) as per the manufacturer’s instructions. The final concentration of
poly(I:C) or rotavirus dsRNA was 1 �g/ml in the cell culture supernatants. In
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experiments using short or long poly(I:C), LyoVec-poly(I:C) was directly added
to culture medium at a final concentration of 1 �g/ml.

siRNA-mediated silencing. MEFs were plated in 24-well cluster plates and
16 h later were transfected with siRNA at a final concentration of 50 nM using
Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions.
Twenty-four hours later, cells were either infected with rotavirus or transfected
with dsRNA as described above and then lysed and analyzed at the times
indicated on the figures. Predesigned siRNA constructs targeting mouse TLR3,
RIG-I, MDA-5, and a nonspecific control siRNA were purchased from Qiagen.

IFN measurement. Cell culture supernatants were collected, and secreted
mouse IFN-� was measured in duplicate using a Verikine mouse IFN-� enzyme-
linked immunosorbent assay (ELISA) kit (PBL Interferon Source). Amounts of
secreted IFN-� were calculated from a standard curve created using a mouse
IFN-� standard as per the manufacturer’s instructions.

qRT-PCR. For quantitative reverse transcription-PCR (qRT-PCR) analyses, cells
were lysed, and RNA was prepared using Trizol (Invitrogen) or the iScript RT-
qPCR sample preparation reagent (Bio-Rad). Reverse transcription was carried out
at 50°C for 1 h using Superscript III (Invitrogen), and the cDNA was analyzed using
TaqMan assays in a real-time PCR instrument (Mx3005P; Agilent). Data were
collected and analyzed by the comparative quantification method using the instru-
ment software, Microsoft Excel spreadsheet software, and Prism statistical analysis
software (GraphPad). TaqMan assays were obtained from Applied Biosystems and
were as follows: IFN-stimulated gene 54 (ISG54; Mm00492606_m1), ISG56
(Mm00515153_m1), ISG15 (Mm01705338_s1), IRF7 (Mm00516788_m1), IFN-�
(Mm00439546_s1), RIG-I (Mm00554529_m1), MDA-5 (Mm00459183_m1), A20
(Mm00437121_m1), IFN-�4 (Mm00833969_s1), IFN-�5 (Mm00833976_s1), GBP-2
(Mm00494575_m1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Mm99999915_g1). The TaqMan assay for rotavirus gene 11 plus strand consists of
the following primers and a probe labeled at the 5� end with Cy5 and at the 3� end
with Iowa Black RQ-Sp from Integrated DNA Technologies: forward oligonucleo-
tide, 5�-CTG CTT CAA ACG ATC CACTCA C-3�; reverse oligonucleotide, 5�-
TGA ATC CAT AGA CAC GCC-3�; probe, 5�-TCA AAT GCA GTT AAG ACA
AAT GCA GAC GCT-3�.

Cell lysis and immunoblotting. Cells were washed twice in phosphate-buffered
saline (pH 7.0) and were lysed in Laemmli buffer containing 2% SDS and 5%
�-mercaptoethanol. Cell lysis was performed at room temperature for 20 min,
and lysates were passed through a 25-gauge needle to reduce sample viscosity.
Cell lysates were boiled for 5 min and briefly centrifuged, and approximately
10% of the total lysate was loaded on 12% SDS-PAGE gels. Following electro-

phoresis, proteins were transferred onto nitrocellulose membranes (Amersham
Biosciences), and blots were probed using the antibodies indicated on the figures.
Blots were exposed to autoradiography film (Amersham) and developed using an
enhanced chemiluminescence kit from GE Healthcare. Blots were subsequently
stripped and reprobed using a commercially available kit (Re-blot; Millipore).

RESULTS

Rotaviruses induce early antiviral transcriptional responses
regardless of IFN-� secretion later in infection. We previously
showed that the bovine rotavirus UK induces IRF3 activation
and subsequent secretion of IFN-� in primary MEFs, and this
property was mapped to a host cell-specific dysfunction in the
viral NSP1 protein (17, 53). In contrast, infection with a simian
rotavirus RRV resulted in degradation of endogenous IRF3
and an effective blockage of IFN-� secretion. In agreement
with these findings and as shown in Fig. 1A, we found that
infection with UK led to significant IFN-� secretion at 24 h
postinoculation (hpi) compared to RRV. Transfection of ei-
ther of two RNA ligands—a commercial preparation of
poly(I:C) or purified RRV dsRNA containing dsRNA seg-
ments ranging in length from �650 to 3,300 bp—was used as a
positive control, and both controls induced a robust IFN re-
sponse. Although we previously noted that infection with RRV
does not lead to accumulation of detectable phospho-serine
396 IRF3 early in infection (6 hpi), as detected by immunoblot
analysis (17), activation of the IFN response by UK suggested
that RRV might trigger virus recognition pathways before sig-
nificant levels of NSP1 are present in infected cells. In order to
examine this possibility, we measured levels of antiviral tran-
scripts, including ISG54, ISG56, ISG15, and IRF7, which are
typically synthesized following virus recognition by cytosolic
PRRs, using a sensitive TaqMan qRT-PCR method. As shown

FIG. 1. Rotavirus induces an early antiviral transcriptional response. (A) WT MEFs were infected with RRV or UK at an MOI of 3.0 or were
transfected with 1 �g/ml of poly(I:C) or purified rotavirus dsRNA (RV dsRNA). Twenty-four hours later, culture supernatants were assayed for
the presence of IFN-� by ELISA. Data are shown as average of duplicate measurements with standard error bars. (B) WT MEFs were infected
with RRV or UK or transfected with poly(I:C) (long or short, indicated as L-pIC or S-pIC, respectively), and total RNA was purified from cells
at 6 hpi for qRT-PCR using TaqMan assays for the transcripts indicated. Data are presented after normalization to internal GAPDH levels as fold
increase over mock controls, and bars represent the standard errors among triplicate measurements. Data are representative of two independent
experiments. dRn, delta normalized reporter.
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in Fig. 1B, infection with UK virus led to upregulation of each
transcript examined (ISG54, �5.0-fold over mock; ISG15,
�3.5-fold; IRF7, �3.7-fold; ISG56, �7.2-fold). Interestingly,
infection with RRV also resulted in induction of these tran-
scripts (ISG54, �4.5-fold; ISG15, �3.7-fold; IRF7, �3.3-fold;
ISG56, �6.0-fold) at 6 hpi. The positive control, transfected
poly(I:C), induced all measured transcripts. In other experi-
ments (see Fig. 5E and 8B; also data not shown), IFN-� and
ISG transcript levels in RRV-infected MEFs at 24 hpi were
significantly downregulated compared to levels in UK-infected
MEFs, supporting the conclusion that RRV blocks amplifica-
tion of IFN responses despite its capacity to induce an early
transcriptional response. Thus, although RRV is very efficient
at blocking the secretion of IFN-� from MEFs, it activates
early virus recognition pathways in MEFs similar to UK.

Rotavirus-induced IFN-� secretory response and early an-
tiviral transcription are both MAVS/IPS-1 dependent. Most
natural (i.e., nondefective) rotavirus strains studied thus far
successfully negate the IFN response in selected cell types by
mechanisms involving proteasomal degradation of IRFs and
�-TrCP (5, 24). In contrast, UK robustly induces the IFN
response in a host cell-specific manner in MEFs (17), providing
us with a tractable system to determine the mechanisms in-
volved in activation of early innate immune responses by ro-
tavirus. We first examined the role of MAVS/IPS-1, a critical
adaptor for host recognition of cytosolic RNA viruses, using
MEFs lacking MAVS/IPS-1. Wild-type (WT) or MAVS/IPS-
1�/� MEFs were infected with UK virus at MOIs of 0.5, 3.0, or
10.0, and IFN-� levels were measured in the culture superna-
tants at 16 hpi (Fig. 2A). In contrast to dose-dependent induc-
tion of IFN-� secretion by UK in WT MEFs, there was a
profound loss of IFN-� secretion from MAVS/IPS-1�/� MEFs
in response to UK infection. These results reveal an essential
role for MAVS/IPS-1 in IFN secretion in response to UK
rotavirus infection. In order to further confirm the loss of IFN
response in the absence of MAVS/IPS-1, we infected WT or
MAVS/IPS-1�/� MEFs with UK, RRV, or psoralen/UV-inac-
tivated UK and RRV or transfected cells with 1 �g/ml of
poly(I:C). Cells were lysed at 24 hpi and analyzed by immu-
noblotting for the presence of p56 and the VP6 viral antigen.
As shown in Fig. 2B, p56 was not detected in uninfected WT
fibroblasts, but its expression was strongly induced following
infection with UK virus or with the positive control, poly(I:C).
In contrast, RRV, and to an even lesser extent inactivated UK
virus and RRV, only weakly induced p56 expression. The lack
of p56 expression by inactivated UK demonstrates that induc-
tion of IFN response is replication dependent, as observed by
us earlier (17). In the absence of MAVS, we detected low
levels of basal ISG expression similar to previous studies (44)
although to our knowledge the mechanism of elevated basal
p56 expression is not understood. However, in this case, nei-
ther UK virus infection nor poly(I:C) treatment resulted in
further increase in p56 expression. These data demonstrate a
critical role for MAVS/IPS-1 in an effective IFN response to
rotavirus in MEFs. In order to examine whether MAVS/IPS-1
is important for the induction of early antiviral transcripts in
response to rotavirus, we infected WT or MAVS/IPS-1�/�

MEFs with UK virus or RRV, purified total RNA from cells at
different times after infection (1 to 4 hpi), and measured levels
of ISG56 transcripts using qRT-PCR. Both UK and RRV

induced ISG56 transcription between 3 and 4 hpi in WT fibro-
blasts, and this activation was dependent on MAVS (Fig. 2C
and D). Similar results were also obtained at later time points
and for the ISG54 transcript (data not shown), demonstrating
that in the absence of MAVS/IPS-1, there is a loss of the early
transcriptional response to rotavirus.

Rotavirus replication is restricted in a MAVS/IPS-1-depen-
dent manner. We previously reported that in MEFs the repli-
cation of most heterologous rotaviruses, including the bovine
UK strain, is restricted compared to simian RRV and that this
restriction can be significantly rescued in the absence of a
functional type I IFN response (17). Since our data revealed
that MAVS/IPS-1 is critical for the IFN response to UK, we
next examined whether UK replication could be rescued in the
MAVS/IPS-1 knockout cells. Wild-type or MAVS-deficient
MEFs were infected with RRV or UK virus at an MOI of 1.0,
and at 48 hpi, infectious virus produced was quantified by a
fluorescent focus-forming assay on fresh monolayers of MA104
cells. As shown in Fig. 3A, UK, but not RRV, displayed more
than a 10-fold increase in titer in MAVS/IPS-1�/� compared to
WT fibroblasts (3.0 � 104 versus 6.5 � 105 FFU per ml,
respectively). Thus, UK replication in heterologous murine
cells in the absence of MAVS is similar to the previously
observed effect of ablation of the type I IFN response (17).

In order to measure differences in virus replication at early
times in infection that more accurately corresponded to
MAVS/IPS-1 dependent signaling, we used a TaqMan assay
capable of detecting the gene 11 mRNA from both RRV and
UK virus. Wild-type or MAVS/IPS-1�/� cells were infected
with identical amounts of RRV or UK, and cells were lysed at
various times following 1 h of virus adsorption. Compared to
the signal detected at 15 min following virus adsorption (pre-
sumably mostly input viral genome and used as a calibrator
across all samples), there was a time-dependent increase in
gene 11 levels for both RRV and UK virus in WT MEFs (Fig.
3B). The increases observed upon UK virus infection were
significantly higher in the MAVS/IPS-1�/� than WT MEFs
(P 	 0.0001 at 180 and 240 min). For example, the increases at
180 and 240 min postinfection were 146- and 542-fold in WT
MEFs, respectively, and 906- and 3,258-fold in MAVS/IPS-
1�/� MEFs, respectively. In contrast, there was no significant
increase at any time point in gene 11 RNA levels between
MAVS/IPS-1�/� and WT MEFs infected with RRV (Fig. 3B).
These results are in agreement with the infectious virus titer
data (Fig. 3A) and provide us a quantitative measure of rep-
lication for early times following rotavirus infection. Of note,
the results demonstrate that the MAVS-dependent restriction
of UK occurs during early virus replication and is likely related
to MAVS-dependent virus recognition.

The cytosolic sensors MDA-5 and RIG-I are individually
dispensable for the IFN response to rotavirus. The MAVS/
IPS-1-mediated IFN response to RNA viruses in the cytoplasm
occurs through two upstream PRRs, MDA-5 and RIG-I. In
order to determine the role of MDA-5 in the UK virus-medi-
ated IFN response, WT or MDA-5�/� MEFs were infected
with UK or transfected with a commercial preparation of high-
molecular-weight poly(I:C), an MDA-5 ligand, as a control,
and IFN-� secretion was measured at 24 hpi. As shown in Fig.
4A, infection of either WT or MDA-5�/� MEFs with UK virus
resulted in comparable amounts of IFN-� secretion at 24 hpi.
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In contrast, secretion of IFN-� in response to long poly(I:C)
was intact in WT cells but severely attenuated in the absence of
MDA-5. Thus, the absence of MDA-5 does not mimic the
complete lack of IFN-� secretion in UK virus-infected cells
observed in the absence of MAVS/IPS-1 (Fig. 2). The presence
of an intact antiviral response was further confirmed by mea-
suring levels of ISG54, ISG56, and IRF7 transcripts in MDA-
5�/� MEFs at 6 h following UK infection or stimulation with
long- and short-poly(I:C) preparations (Fig. 4B). The tran-
scription of ISG54 and ISG56 was significantly enhanced by
UK infection at 6 hpi as well as by the short poly(IC) positive
control. In these experiments, long poly(I:C) was a less effec-

tive trigger than short poly(I:C), supporting data from earlier
reports that these ligands preferentially activate MDA-5 and
RIG-I, respectively. UK infection also led to a significant in-
crease in IRF7 transcript levels, indicating that intact IRF3-
dependent signaling occurs in UK-infected MDA-5�/� MEFs.
From these findings, we conclude that in the absence of
MDA-5, UK likely triggers IRF3 activation, resulting in ISG
transcription and the subsequent secretion of IFN-�.

Next, we examined the role of RIG-I by infecting RIG-I�/�

MEFs with UK or RRV virus or transfecting cells with either
short poly(I:C) or purified rotavirus dsRNA containing a mix-
ture of dsRNAs of different lengths. After 24 h, levels of IFN-�

FIG. 2. Innate immune response to rotavirus is MAVS/IPS-1 dependent. (A) WT or MAVS/IPS-1�/� MEFs were infected with UK at MOIs
of 0.5, 3.0, or 10.0, and IFN-� secretion was measured by ELISA at 16 hpi. (B) WT or MAVS/IPS-1�/� MEFs were transfected with poly(I:C) or
infected with RRV, UK, or psoralen/UV-inactivated viruses (i-RRV and i-UK). Cell lysates were examined at 24 hpi for levels of tubulin, VP6
antigen, or p56 expression by immunoblotting. (C) WT or MAVS/IPS-1�/� cells were infected with UK at an MOI of 3.0, and ISG56 transcript
levels were determined by qRT-PCR. The data are presented as fold increase over levels of mock-infected 1-hpi cells after normalization to
GAPDH for triplicate measurements. (D) WT or MAVS/IPS-1�/� cells were infected with RRV, and data were collected as described in panel
C. Data are representative of two or more independent experiments. pIC, poly(I:C).
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were measured. We found that in the absence of RIG-I, UK
virus induces the secretion of IFN-� to levels comparable to
those of WT MEFs (Fig. 4C). In contrast, the response of
RIG-I�/� MEFs to short poly(I:C) was significantly reduced
(P 
 0.002). There was no significant difference in secretion of
IFN-� between RIG-I�/� MEFs and WT MEFs treated with
rotavirus dsRNA; presumably rotavirus dsRNA activates non-
RIG-I pathways (38). These results demonstrate that UK is
able to trigger IFN responses in the absence of RIG-I and in
cells lacking MDA-5.

We next examined IRF3, IRF7, p56, and p54 protein levels
in RIG-I�/� MEFs infected with UK. Cells were infected with
UK at MOIs of 1, 5, and 25 or with a control inactivated UK
preparation. Cell lysates prepared at 6 hpi had dose-dependent
and replication-dependent increases in levels of IRF7, p56, and
p54 proteins (Fig. 4D). There was no IRF3 degradation, sim-

ilar to what was reported previously (53). Thus, the replication-
dependent induction of early antiviral responses by UK is
intact in RIG-I�/� MEFs. We then measured levels of ISG15,
ISG56, and IFN-� transcripts 6 h after UK infection (Fig. 4E).
Mirroring the protein expression data, there was a substantial
increase in the abundance of transcripts dependent on IRF3
(ISG15 and IFN-�) and on both IRF3 and NF-�B (ISG56).
Collectively, the data suggest that RIG-I is dispensable for
UK-mediated early IRF3 activity, transcriptional responses,
and IFN-� secretion in MEFs. From these experiments, we
conclude that, unlike the profound effect of the MAVS knock-
out, neither MDA-5 nor RIG-I is essential for the early innate
antiviral transcriptional response or IFN-� secretion following
rotavirus infection.

Combined deficiency of RIG-I and MDA-5 results in atten-
uation of the rotavirus-induced IFN response. Although nei-

FIG. 3. Replication of UK virus is rescued in MAVS/IPS-1�/� MEFs early during infection. (A) WT or MAVS/IPS-1�/� MEFs were infected
with RRV or UK at an MOI of 1.0. After 48 h, cells were freeze-thawed, and titers of the infectious virus released were determined on MA104
cells using a fluorescent focus-forming assay. Errors are from triplicate measurements. Statistical significance was determined using a two-way
analysis of variance. (B) WT or MAVS/IPS-1�/� MEFs were infected with RRV or UK, and the viral gene 11 transcript was quantified by
qRT-PCR at the times indicated. Data are given as fold increase compared to a 15-min postinfection control. The actual mean fold increase is
indicated above each bar. Data are representative of two independent experiments. FFU, focus-forming units.
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FIG. 4. The IFN response to rotavirus proceeds in the absence of RIG-I or MDA-5. (A) WT or MDA-5�/� MEFs were infected with RRV or UK
or transfected with long poly(I:C), and secreted IFN-� was measured 24 h later by ELISA. (B) MDA-5�/� MEFs were infected with RRV or UK or were
transfected with the short or long poly(I:C). RNA was prepared at 6 hpi, and levels of ISG54, ISG56, and IRF7 were quantified by qRT-PCR. Data are
presented as fold increase compared to levels of mock controls, and errors are for triplicate measurements after GAPDH normalization. (C) WT or
RIG-I�/� MEFs were infected with RRV or UK or transfected with rotavirus dsRNA or poly(I:C). Secreted IFN-� was measured 24 h later by ELISA.
(D) WT or RIG-I�/� MEFs were infected with UK or inactivated UK (i-UK) at the MOIs indicated. At 6 hpi, cells were lysed for immunoblot analysis
of IRF3, IRF7, p56, and p54. The asterisk indicates nonspecific background bands. (E) RIG-I�/� MEFs were infected with UK, and levels of ISG15,
ISG56, and IFN-� were determined at 6 hpi by qRT-PCR. Data are representative of two independent experiments.
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ther RIG-I nor MDA-5 is essential for mounting an effective
IFN response to rotavirus infection, these RLRs could act
cooperatively or redundantly to induce a response to rotavirus,
a phenomenon observed during infection with other viruses
(19, 35, 58). In order to address this possibility, we used an
RNA interference approach to inhibit expression of one RLR
in the reciprocal knockout cell. First, RIG-I was depleted using
siRNA in MDA-5�/� MEFs. Cells were transfected with one
of two different siRNAs targeted to the RIG-I mRNA or a
control scrambled siRNA. Cells were infected after 24 h with
UK, and IFN-� was measured 24 h later. We found that com-
pared to the control siRNA, both RIG-I siRNA constructs
resulted in significantly decreased IFN-� secretion (36 to 74%
decrease; P 
 0.001) in the supernatants in response to UK
infection (Fig. 5A, lanes 3 to 4). The cells were lysed and
examined by qRT-PCR for transcripts encoding RIG-I in or-
der to assess the efficiency of mRNA silencing (Fig. 5B). By
this approach there was an approximately 30 to 50% reduction
in RIG-I mRNA levels compared to control siRNA-treated
cells. Thus, in the absence of MDA-5, the depletion of RIG-I
led to a significant decrease in the IFN response to UK infec-
tion. This indicated that, although not essential, RIG-I is in-
volved in the recognition of rotavirus during infection.

In order to determine the role of MDA-5 in a RIG-I-defi-
cient background, we used siRNA to inhibit MDA-5 expres-
sion in RIG-I-deficient cells. As shown in Fig. 5C, UK infection
of RIG-I�/� MEFs transfected with MDA-5-specific siRNA,
but not control siRNA, resulted in a modest but significant
decrease (�26 to 30% decrease; P 
 0.01) in IFN-� secretion
relative to untreated cells at 24 hpi. We confirmed that the
siRNA treatment resulted in a significant decrease (greater
than 50%) in relative MDA-5 mRNA levels by qRT-PCR
(Fig. 5D).

MDA-5 siRNA treatment of RIG-I�/� MEFs did not lead to
as substantial a reduction in IFN-� levels as RIG-I siRNA
treatment of MDA-5�/� MEFs. One possible explanation is
that following rotavirus infection, MDA-5 transcription is am-
plified more efficiently than RIG-I transcription as part of a
positive feedback loop, and consequently the efficiency of
MDA-5 mRNA depletion was lower. In order to examine this
possibility, we infected WT MEFs with RRV or UK virus or
transfected the cells with poly(I:C). Cells were lysed at 6 hpi
and 16 hpi, and qRT-PCR was used to determine levels of
RIG-I and MDA-5 transcripts. Following infection with UK,
there was a significant increase in MDA-5 transcripts at 6 hpi,
and levels increased further by 16 hpi relative to levels in
uninfected cells (Fig. 5E). Interestingly, although RRV trig-
gered increased MDA-5 transcription comparable to that in-
duced by UK at 6 hpi, there was no further increase at 16 hpi.
A similar pattern of transcriptional activation was observed for
RIG-I transcripts following UK and RRV infections although
the increase was much less than that observed for MDA-5.
These results suggest that MDA-5 is more efficiently amplified
following UK infection than RIG-I. This conclusion was con-
firmed using WT MEFs infected with UK and lysed at time
points ranging from 30 min to 3 h postinfection (Fig. 5F).
During this early time frame, UK induced MDA-5, but not
RIG-I, transcription in a time-dependent manner, confirming
that MDA-5 is induced earlier and more effectively by UK than
RIG-I. This robust amplification of MDA-5 transcription pro-

vides a likely explanation for the weaker effect of the siRNA-
mediated inhibition of MDA-5 (Fig. 5C) in comparison to the
siRNA-mediated RIG-I inhibition (Fig. 5A).

Of note, our experiments do not exclude the existence of
additional sensors proximal to MAVS/IPS-1 in the rotavirus-
induced IFN response. In order to partially address this pos-
sibility, we treated MEFs with a TLR3-specific siRNA. Wild-
type MEFs were transfected with siRNA targeting TLR3 or a
control and were subsequently either transfected with purified
rotavirus dsRNA or infected with UK virus. Twenty-four hours
later, culture supernatants were assayed for levels of IFN-�.
Treatment with siRNA resulted in a slight but significant
(�30%; P 
 0.02) decrease in IFN-� levels in response to
purified dsRNA but no significant decrease in response to UK
infection (Fig. 5G). Thus, although preliminary and requiring
further study, these results are consistent with the conclusion
that TLR3 is unlikely to play a major role in mediating IFN-�
secretion following infection of MEFs with UK. This conclu-
sion is also supported by the complete abolition of IFN-�
secretion in the MAVS KO mice. Taken together, the data
obtained from these experiments demonstrate that depletion
of both MDA-5 and RIG-I leads to decreased IFN responses
to rotavirus and establish redundant roles for these PRRs
during rotavirus infection.

The dsRNA-dependent protein kinase, PKR, is essential for
IFN secretion but does not regulate the early antiviral tran-
scriptional response to UK. Recently, several studies have
demonstrated a critical role for PKR in the IFN response to
RNA viruses that are recognized by MDA-5 but not by RIG-I
(6, 11, 22, 52). The role of PKR in the response to viruses that
activate both MDA-5 and RIG-I and whether PKR acts as a
sensor upstream of IRF3 have not been determined. The roles
of PKR and IRF3 in the early innate immune response to
rotavirus have not been directly studied. Since our results re-
vealed a role for both RIG-I and MDA-5 in rotavirus recog-
nition, we compared the ability of PKR�/� and IRF3�/� MEFs
to respond to infection with UK. MEFs were infected with UK
virus or transfected with short or long poly(I:C). IFN-� secre-
tion was measured by ELISA 24 h later (Fig. 6A). Unexpect-
edly, we found that IFN-� secretion in response to UK was
severely abrogated in PKR�/� as well as IRF3�/� MEFs (Fig.
6A, lanes 4 and 9). In contrast, poly(I:C)-induced IFN-� se-
cretion was dependent on IRF3 but not PKR. These results
indicate a novel essential role for PKR in the innate immune
response to UK rotavirus and provide experimental evidence
for an essential role of IRF3 in this process. In order to confirm
these results, we compared the replication of UK in PKR�/�

and IRF3�/� MEFs by evaluation of gene 11 levels. At 6 hpi,
gene 11 RNA levels were significantly higher in PKR�/� MEFs
(�25-fold) than in WT MEFs although there was a more
substantial increase (�60-fold) in IRF3�/� MEFs (Fig. 6B).
These data confirm the roles for both PKR and IRF3 in the
UK virus antiviral response and replication restriction.

In order to determine whether PKR acts as an initial PRR
for rotavirus leading to the transcription of IRF3- or NF-�B-
dependent genes, we examined levels of ISG54, ISG56, and
A20 transcripts in UK virus-infected PKR-deficient fibroblasts.
In contrast to our earlier results obtained using MAVS/IPS-
1�/� MEFs (Fig. 2C), infected PKR�/� cells responded effec-
tively to UK infection, as evidenced by significant upregulation
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FIG. 5. RIG-I and MDA-5 both respond to rotavirus infection. (A) MDA-5�/� MEFs were infected with UK virus 24 h after transfection with
siRNA to RIG-1 (siRIG-1 and siRIG-4) or a control siRNA (siCont). Secreted IFN-� was measured at 16 hpi. (B) Cells were lysed, and qRT-PCR
was used to determine the levels of RIG-I transcripts. (C) RIG-I�/� cells were transfected with siRNA targeting MDA-5 (siMDA-1 and siMDA-3).
Secreted IFN-� was measured at 16 hpi. (D) Cells were lysed, and qRT-PCR was used to determine the levels of MDA-5 transcripts. (E) WT MEFs
were infected with RRV and UK virus or were transfected with poly(I:C), and cells were lysed at 6 hpi and 16 hpi, and levels of RIG-I and MDA-5
transcripts were determined by qRT-PCR. (F) Levels of RIG-I and MDA-5 transcripts were measured as a function of time (in minutes; x axis)
in UK-infected WT MEFs. (G) WT MEFs were transfected with siRNA targeting TLR3 (siTLR3-1) or a control siRNA (siCont) and 24 h later
were infected with UK or transfected with purified rotavirus dsRNA. Levels of secreted IFN-� were measured. Statistical significance was
calculated using a Student’s t test. Data are representative of two independent experiments.
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of the ISGs examined (ISG54, �200-fold relative to uninfected
cells; ISG56, �15-fold; A20, �11-fold) (Fig. 6C); this upregu-
lation was similar in magnitude to the response of PKR�/�

MEFs to poly(I:C). Despite the critical role of PKR in IFN-�
secretion, transcription activated by IRF3 (ISG54 and ISG56)
and NF-�B (ISG56 and A20) in response to rotavirus was not
significantly different from that of WT cells, indicating that
PKR is unlikely to act as an initial virus sensor directing IRF3/
NF-�B activation.

To confirm these findings, we directly compared the ability
of UK to induce the transcription of the IRF3-dependent
genes ISG15 and IRF7 in IRF3�/� and PKR�/� MEFs. At 6
hpi, transcription of ISG15 and IRF7 in response to UK was
not observed in IRF3�/� cells (Fig. 7). In contrast, UK-in-
fected PKR�/� MEFs increased ISG15 mRNA levels by �42-
fold and IRF7 levels by �7-fold over mock-infected controls
(Fig. 7). Thus, the severe loss of an interferon response to
rotavirus in PKR�/� MEFs is unlikely to be a result of IRF3
dysfunction. Instead, our data indicate that PKR functions
independently of IRF3-mediated early transcription to pro-
mote IFN secretion from infected cells.

PKR acts downstream of the transcription of type I IFN
genes during rotavirus infection. In order to examine whether
the defect in IFN-� secretion in PKR-deficient MEFs was
specifically due to a lack of transcription of a subset of type I
IFN genes, we compared the accumulation of transcripts of
IFN-�4, IFN-�5, and IFN-� genes in WT, IRF3-deficient, and
PKR-deficient MEFs at 16 hpi. As shown in Fig. 8A, infection
of WT fibroblasts with UK resulted in significant induction of

IFN transcripts compared to mock-infected cells (IFN-�4,
�130-fold; IFN-�5, �17-fold; IFN-�, �191-fold). As expected,
this induction was dependent on IRF3 and was abrogated in
IRF3�/� MEFs. Interestingly, UK-infected PKR�/� MEFs
also expressed high levels of the IFN transcripts (IFN-�4,
�443-fold relative to mock-infected controls; IFN-�5, �100-
fold; IFN-�, �1,436-fold). GBP-2, which is transcriptionally
upregulated during rotavirus infection (33), was induced by
UK virus in all three types of MEFs (�47-fold, �227-fold, and
�127-fold in WT, PKR�/�, and IRF3�/� MEFs, respectively),
as shown in Fig. 8A. A similar analysis for the presence of
IFN-� transcripts in WT and MAVS/IPS-1-deficient MEFs
(Fig. 8B) revealed that there was a profound defect in tran-
scription of IFN-� in MAVS/IPS-1�/� MEFs compared to WT
cells during infection. These findings demonstrate that PKR
acts at a stage following transcription of IFN genes during the
IFN response to rotavirus.

DISCUSSION

In most mammalian nonimmune cell lineages, the IFN re-
sponse to RNA viruses depends on detection of viral RNA by
the cytosolic host PRRs, RIG-I and MDA-5. The host PRRs
recognize specific viral PAMPs and propagate virus-induced
signaling through MAVS/IPS-1 (also called Cardif or VISA),
an adaptor found on the outer mitochondrial membrane and in
peroxisomes (37, 40, 45, 54, 61, 63, 65). Mechanisms by which
rotavirus initially activates host innate immune responses are
unclear since most WT RV strains reported to date efficiently

FIG. 6. Role of PKR and IRF3 in the rotavirus-mediated IFN response. (A) WT, PKR�/�, or IRF3�/� MEFs were infected with UK and RRV
or were transfected with short or long poly(I:C). Levels of secreted IFN-� were measured at 24 hpi. pIC-L and pIC-H refer to the low- and
high-molecular-weight forms of poly (I:C), respectively. (B) WT, PKR�/�, or IRF3�/� MEFs were infected with UK. At 6 hpi, total RNA was
analyzed by qRT-PCR to quantitate gene 11 transcription. Data are presented after GAPDH normalization as fold increase over levels in WT
MEFs on a 2-log scale, and errors are for triplicate measurements. (C) PKR�/� MEFs were infected or transfected as indicated, and levels of
ISG56 were quantified by qRT-PCR at 6 hpi. Data are presented as fold increase over levels of mock-infected controls. Data are representative
of three independent experiments with similar results.

FIG. 7. Comparison of ISG15 and IRF7 transcriptional activation in PKR�/� and IRF3�/� MEFs. PKR- or IRF3-deficient MEFs were infected
with UK or transfected with poly(I:C). At 6 hpi, RNA was prepared, and levels of ISG15 and IRF7 transcripts were quantitated by qRT-PCR. Data
are presented as fold induction over levels of mock-infected controls, and error bars are from triplicate measurements. Results are representative
of two independent experiments with similar results.
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suppress IFN responses. Previous studies examining rotavirus
activation of innate immunity have employed purified viral
genomic dsRNA (38) or defective rotavirus strains encoding
truncated NSP1 proteins (29). We found that the RV strains
UK and RRV exert opposing effects on IFN-� secretion in
primary MEFs (Fig. 1A) (17) as well as in murine alveolar
epithelial LA4 and murine cholangiocyte cells (data not
shown). Infection of these murine cells with UK resulted in
robust IFN-� secretion, providing us with a WT rotavirus
strain that is unable to negate the host IFN response. Inter-
estingly, despite differences in their ability to induce IFN-�
secretion late in infection, both RRV and UK virus triggered
expression of antiviral transcripts early in infection (6 hpi) that
are characteristic of PRR activation by virus, including genes
requiring functional IRF3 (ISG54, ISG15, and IRF7) and/or

NF-�B (ISG56) for their transcription. This activation of tran-
scriptional responses indicated that both RRV and UK trig-
gered host cell sensors similarly leading to early activation of
IRF3 and NF-�B signaling. Presumably, synthesis of NSP1
following this initial activation influences subsequent amplifi-
cation of the response and IFN-� secretion. RRV NSP1 targets
murine IRF3 for proteasomal degradation much more effi-
ciently when IRF3 is activated extrinsically with poly(I:C), and
a phospho-mimetic mutant resembling activated IRF3 (IRF3-
5D) is functionally inhibited by RRV NSP1 (53). Thus, virus-
induced early IRF3 activation observed here may, in fact, con-
fer an advantage to RRV by leading to more efficient blockade
by NSP1 during later stages of infection. Since UK virus infec-
tion activates both the early (transcriptional) and later (IFN-�
secretion) phases of the antiviral response, we examined the
role of various host factors in UK-directed IFN responses
using MEFs derived from various strains of knockout mice.

We observed that MAVS/IPS-1-deficient MEFs do not se-
crete IFN-� or induce p56 protein following UK infection and
that UK virus titers are higher in MAVS/IPS-1�/� MEFs than
in WT MEFs. These data reveal an essential role for MAVS-
dependent signaling in the IFN response to rotavirus. Using a
sensitive approach to quantify viral RNA at early times during
infection, we found that the MAVS/IPS-1-dependent restric-
tion of UK virus replication is evident as early as 2 to 3 h after
infection. In addition, the ISG56 transcriptional response that
occurs at 3 to 4 h after infection in WT cells was not observed
in MAVS-deficient MEFs. The timing of host transcriptional
activation of ISG54 and ISG56 genes in infected WT MEFs
and the finding that the early activation of IRF3 by UK re-
quires viral replication (17, 53) suggest that the MAVS/IPS-1-
dependent rotavirus recognition is mediated by an early prod-
uct of viral replication.

The critical function of MAVS in the IFN-� induction path-
way for rotaviruses prompted us to examine the role of the
cytosolic RNA sensors RIG-I and MDA-5 using MEFs derived
from knockout mice. UK infection of either RIG-I�/� or
MDA-5�/� MEFs resulted in the secretion of IFN-� despite
reduced IFN-� responses in these knockout cells to control
ligands. In addition, the expression levels of IRF3- and NF-
�B-dependent genes in RIG-I�/� or MDA-5�/� MEFs follow-
ing UK virus infection were similar to levels observed in WT
cells, suggesting a potential redundancy in the functions of
RIG-I and MDA-5 during rotavirus infection.

Similar findings have been obtained for other viruses, in-
cluding dengue virus and West Nile virus, which evoke MAVS/
IPS-1 signaling but lack an absolute requirement for either
RIG-I or MDA-5 to potentiate an IFN response (19, 22, 35, 44,
52). Notably, for such viruses, RIG-I and MDA-5 function
redundantly to generate a response. Using RNA interference
to deplete RIG-I in MDA-5�/� MEFs, we found that the
combined loss of both PRRs resulted in significantly reduced
IFN-� secretion, demonstrating that both RIG-I and MDA-5
are involved in the IFN response to UK. In comparison to the
suppression of IFN secretion in MDA-5�/� cells by RIG-I
siRNAs, the complementary approach of siRNA-mediated de-
pletion of MDA-5 in RIG-I�/� MEFs resulted in a smaller
reduction in virus-induced IFN-� secretion. The different effi-
ciencies of RIG-I and MDA-5 knockdowns are likely attribut-
able to differences in UK-mediated feedback amplification of

FIG. 8. Levels of ISG transcripts in the absence of PKR, IRF3, and
MAVS/IPS-1 in response to rotavirus infection. (A) WT, PKR�/�, or
IRF3�/� MEFs were infected with UK, and 16 h later RNA was
purified for qRT-PCR analysis of IFN-�4, IFN-�5, IFN-�1, and
GBP-2 gene transcripts. Data are presented on a 2-log scale as fold
induction over levels of mock-infected controls, and actual fold values
are indicated above the respective bars. (B) WT or MAVS/IPS-1�/�

MEFs were transfected with the ligands indicated or infected with
RRV and UK, and IFN-� transcript levels were measured at 24 hpi by
qRT-PCR. Data are representative of two independent experiments.
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RIG-I and MDA-5 transcripts since in WT MEFs UK infection
amplified MDA-5 transcripts more efficiently than RIG-I tran-
scripts. Interestingly, both RRV and UK induced comparable
increases in MDA-5 transcript at 6 hpi. RRV was unique in
blocking subsequent amplification of this process between 6
and 16 hpi, and this blockade correlated with its capacity to
suppress the IFN response. The induction of MDA-5 transcript
by UK was more efficient than induction of RIG-I and oc-
curred earlier, indicating that MDA-5 and RIG-I may be ac-
tivated by rotavirus in a temporally distinct manner.

A previous study using human intestinal HT29 cells showed
that RIG-I knockdown by siRNA results in reduction of IFN-�
secretion and increases in levels of replication after infection
with simian rotavirus strain SA11-5S, a strain that encodes a
truncated NSP1 protein due to a genetic lesion (13). Although
the role of MDA-5 in rotavirus recognition was not examined
in that study, our results support the involvement of both
MDA-5 and RIG-I in rotavirus recognition in a MAVS/IPS-1-
dependent pathway. Given the critical nature of MAVS/IPS-1
and the lack of a detectable decrease in IFN-� secretion fol-
lowing treatment with TLR3 siRNA, rotavirus sensors in fibro-
blasts are likely to be MAVS/IPS-1 dependent rather than
TLR mediated. Despite the clear role of RIG-I and MDA-5 in
the IFN response to UK, our experiments do not exclude
involvement of additional sensors dependent on MAVS/IPS-1.

The rotavirus NSP1 protein interacts with IRF3 and directs
its proteasomal degradation by an unknown mechanism (4, 5,
25). We previously found that IRF3 is the minimal host factor
involved in the species-specific degradation of IRF3 by NSP1
since UK NSP1 effectively degrades transiently expressed hu-
man IRF3 in murine cells (53). Inhibition of IRF3 has been
documented for several strains of rotavirus (4, 5, 25, 53). In this
study, we obtained direct experimental evidence that IRF3 is
required for IFN-� secretion in response to rotavirus since
IFN-� secretion was completely abolished in UK-infected
IRF3�/� MEFs. As expected, IRF3 is essential for the induc-
tion of transcripts immediately after virus infection, confirming
its importance in both the early and later phases of the antiviral
response to UK. Thus, rotavirus likely triggers MDA-5 and
RIG-I signaling through MAVS/IPS-1, resulting in IRF3 acti-
vation, transcription of early ISGs, and subsequent secretion of
IFN-�. Certain strains of rotavirus, including RRV, trigger the
early transcriptional response but degrade IRF3 subsequently
by an NSP1-mediated process (53) and thus suppress IFN-�
secretion and amplification of the host innate immune re-
sponse. Although IRF3 is essential for the IFN response to
rotavirus, other host factors also are likely to be important
regulators of this process and present potential targets for viral
inhibition. For example, the porcine OSU strain targets the
I�B�-associated E3 ligase SCF�-TrCP for proteasomal degra-
dation and inhibits IFN-stimulated response element (ISRE)
activity and transcription of the IFN-� gene (24).

An important finding of this study is that the dsRNA-depen-
dent kinase PKR regulates IFN-� secretion during rotavirus
infection. Fibroblasts lacking PKR were unable to secrete
IFN-� in response to rotavirus although the induction of sev-
eral antiviral genes, including those regulated by transcription-
ally active IRF3 and NF-�B, appeared to be intact. Thus, in the
context of rotavirus activation of the innate immune response,
PKR is critical for the secretory phase but not for the early

PRR-mediated transcriptional phase, which is dependent in-
stead on MAVS, RIG-I/MDA-5, and IRF3. Mammalian PKR
is an IFN-inducible Ser/Thr kinase though it is also basally
expressed in MEFs and is associated with ribosomes in an
unphosphorylated state (12, 59). In the context of PKR as a
protein synthesis inhibitor, the activation of PKR by dsRNA
leads to inhibitory Ser51 phosphorylation of the translation
initiation factor eIF2� (14). In contrast, our findings as well as
other recent studies (52) implicate PKR as a critical positive
regulator of IFN protein synthesis/secretion; i.e., the presence
of PKR is apparently required for IFN-� secretion to occur.
The phosphorylation of eIF2� by PKR does not seem to be
required for IFN production in response to virus (52), indicat-
ing that PKR promotes IFN-� secretion by a different mech-
anism. Although PKR can activate NF-�B by phosphorylation
of I�B (20, 21, 41, 64) and can activate IRF1 (42), we found
that transcription of ISG and IFN-�/� was intact in PKR�/�

MEFs, indicating that PKR is unlikely a major determinant of
early virus-induced signaling events.

Unlike PKR, we found that IRF3 is required for both ISG
transcription and IFN-� secretion, suggesting that it occupies a
relatively more critical functional role in the innate immune
response to rotavirus. In support of this notion, UK rotavirus
RNA synthesis increased significantly in IRF3�/� MEFs com-
pared to PKR�/� MEFs although both knockout cells sup-
ported much higher levels of viral RNA synthesis than WT
MEFs. Interestingly in certain situations, rotavirus infection
can lead to phosphorylation of eIF2� in a PKR-dependent
manner (50), and it has been noted that triple-layered (i.e.,
intact) rotavirus particles replicate more efficiently in PKR�/�

MEFs than WT MEFs (50). An earlier study found that PKR
is critical for reovirus-induced IFN-� responses and influences
virulence in a mouse model of myocarditis (56). Our findings
thus reveal PKR as an additional host factor that restricts UK
virus replication in an IFN-related manner similar to the func-
tions of type I IFN receptors (16), STAT1, MAVS, and IRF3,
and delineate PKR function at a step downstream of IFN and
ISG transcriptional responses. Although we have not ad-
dressed the mechanism of PKR function in promoting the
secretion of IFN-� in this study, recent reports have demon-
strated that PKR is critical for the synthesis of IFN-� protein
in response to infection with viruses that primarily engage
MDA-5 (encephalomyocarditis virus, Theiler’s murine encephalo-
myelitis virus, Semliki Forest virus, and West Nile virus) (6,
22, 52) but does not apparently regulate this process for RIG-
I-dependent viruses (Newcastle disease virus, influenza virus,
and Sendai virus) (55, 62). We found that PKR is required for
the secretion of IFN-� in response to rotavirus, which activated
both RIG-I and MDA-5, and similar to the recent findings
above, uses a mechanism operant following IFN-� gene tran-
scription. Although the exact mechanism involved is currently
not clear, given this new role for PKR in the IFN response to
rotavirus, it is possible that rotaviruses employ strategies to
specifically target PKR functions related to IFN-� secretion.

While this study was under review, Broquet and coworkers
also reported on a role for MAVS/IPS-1 in rotavirus recogni-
tion in intestinal cells (10). In general, their findings are similar
to ours and indicate that both RIG-I and MDA-5 play roles in
sensing rotavirus infection. However, there are some interest-
ing and currently unexplained differences between the two
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studies. First, findings in the Broquet et al. study indicate that
RIG-I and MDA-5 are additive in their function while we find
them to be redundant. The reason for this difference is not
clear at present but might relate to differences in both the virus
strains and cell lines studied. An additional potential difference
relates to RRV and its effects on IRF3 activation in HT-29
cells. Broquet et al. provide data to indicate that RRV does not
inhibit IRF3 and IFN responses in HT-29 cells while our pre-
vious (18, 53) and current studies involving RRV demonstrate
substantial IRF3 and IFN antagonism in both murine and
simian fibroblasts as well as in murine biliary and alveolar
epithelial cells. In addition, in a recent publication, Arnold and
Patton demonstrated efficient IRF3 antagonism by RRV in
HT-29 cells (2). The basis for these differences awaits further
study. Finally, Broquet and coworkers studied RRV and SA11
replication in vivo using PKR knockout mice and concluded
that neither serum IFN levels nor virus replication was signif-
icantly different from that in WT mice following infection with
simian rotavirus. We have not yet performed similar studies.
However, we (15) along with others (48) have been unable to
employ RRV or SA11 replication in adult mice as a useful
model because the replication and shedding of these heterol-
ogous rotaviruses in adult mice are highly restricted and of
short duration in our hands. The basis for the more robust
simian rotavirus replication and sustained in vivo shedding in
adult mice in the Broquet study will require further analysis. Of
note, several murine strains of rotavirus are shed efficiently
over a number of days in adult mice (27), and we plan to
examine these strains in appropriate PKR KO mice in future
studies.

The exact nature of rotavirus-encoded PAMPs that trigger
host PRRs is not completely clear, especially in the context of
virus infection. Prior studies have reported that purified rota-
virus dsRNA genome segments can stimulate IFN responses
by both RIG-I- and MDA-5-dependent processes (38). Short
dsRNA was an effective ligand for RIG-I, whereas longer
dsRNA segments potently triggered MDA-5-dependent re-
sponses, indicating a role for both PRRs in recognizing the
rotavirus genomic RNA (38). Both the viral PAMPs and host
PRRs for rotavirus are likely to differ in plasmacytoid dendritic
cells (pDCs) from those identified here in fibroblasts as pDCs
secrete IFN independently of RIG-I and MDA-5 (57). We
recently found that in human pDCs, rotaviral (genomic)
dsRNA encapsidated by intact virus particles is the likely signal
for IFN activation although the nature of the PRR involved is
unknown (13). In pDCs, unlike fibroblasts or epithelial cells,
the type I IFN response is independent of viral replication
(13). On the other hand, in fibroblasts we found that inacti-
vated UK virus does not trigger IRF3 phosphorylation (53) or
expression of antiviral genes such as ISG54 and ISG56. Thus,
unlike purified dsRNA introduced by transfection, “incoming”
encapsidated viral dsRNA genome is unlikely to be available in
the cytoplasm for PRR engagement, at least immediately after
virus entry. Early rotavirus replication results in synthesis of
single-stranded, plus-sense RNA transcripts that, unlike host
RNAs, are 5� methyl capped and nonpolyadenylated (28).
These nascent ssRNA molecules are synthesized and extruded
by double-layered particles within the cytoplasm from within
viral cores, thus ensuring that the input rotavirus dsRNA ge-
nome is not exposed to the cytosol (43). Rotavirus genomic

dsRNA contains a 5� m7GpppGp(m)GpCp (36) and, depend-
ing on the capping efficiency of the viral VP3 protein, un-
capped or partially capped mRNA is likely to exist in infected
cells. Based on the evidence available, rotavirus transcripts
present early in infection that are potential ligands for RIG-I
and MDA-5 can be proposed as follows: (i) capped or un-
capped resulting in masking or exposure of the 5� triphosphate
moiety, respectively; (ii) single-stranded or double-stranded
RNA (arising from local structures and panhandles between
complementary termini); or (iii) short or long RNA. We are
currently examining the contribution of these rotavirus repli-
cation products to the activation of RIG-I and MDA-5.

Based on the findings presented here and earlier studies by
us and others (3–5, 10, 13, 15–17, 24, 25, 53), we are able to
propose a model for the early events related to the rotavirus
innate immune response (Fig. 9). Rotavirus cell entry and
subsequent replication lead to MDA-5 and RIG-I activation;
the two PPRs may be activated at different times and by dif-
ferent types of viral ligands. The adaptor MAVS/IPS-1 associ-
ates with activated PRRs and propagates signaling to activate

FIG. 9. Model of events occurring during early innate immune
recognition of rotavirus leading to IFN secretion. Numbers refer to
steps in the pathway. Once inside the host cell (1), rotavirus particles
synthesize nascent single-stranded RNA transcripts to direct the ex-
pression of viral proteins, including the IFN antagonist NSP1. Viral
replication activates host proteins MDA-5 and RIG-I (2), leading to
MAVS/IPS-1 recruitment and activation of IRF3 and NF-�B (3).
These transcription factors induce expression of ISGs, including
ISG54, ISG56, ISG15, and IRF7 (4 and 5). In addition, they also
induce the expression of IFN-� itself (6). Rotavirus NSP1s from cer-
tain strains and in certain cells target IRF3 and/or the NF-�B regula-
tory factor �-TrCP for proteasomal degradation, inhibiting the inter-
feron response. Rotavirus strains, such as UK, that trigger IFN
secretion (7) lead to further induction and amplification of IFN secre-
tion via a process that depends on PKR to promote IFN synthesis
and/or secretion (8) at a posttranscriptional level. This function of
PKR may be direct or indirect and is distinct from its role in preventing
cellular translation. The model is based on our present study (indicated
in red) as well as on several earlier reports (3–5, 17, 24, 25, 29, 53).
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IRF3 and NF-�B. This early antiviral phase is characterized by
the transcription of antiviral genes including ISG15, ISG54,
ISG56, and IRF7. For certain rotavirus strains, such as RRV,
subsequent synthesis of the nonstructural protein NSP1 leads
to IRF3 and IRF7 degradation and inhibition of the antiviral
response and IFN-� secretion. When strains such as UK infect
certain cells, such as murine cells, the lack of NSP1-mediated
IRF inhibition means that the initial PRR activation is perpet-
uated downstream and ultimately results in IFN-� secretion
and restriction of viral replication. PKR is critical for the phase
of the antiviral response that occurs between IFN-� transcrip-
tion and secretion of the protein and may act either directly or
through an unidentified mediator. The mechanisms of PKR
action and rotavirus regulation of PKR in its dual contexts as
an IFN-induced protein synthesis inhibitor and as a primary
inducer of the IFN response are not yet understood.
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