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REVIEW

Rotavirus and Reovirus Modulation of the
Interferon Response

Barbara Sherry

The mammalian reoviruses and rotaviruses have evolved specific mechanisms to evade the Type I interferon
(IFN) antiviral response. Rotavirus likely represses the IFN response by at least 4 mechanisms. First, the rota-
virus protein NSP1, most likely functioning as an E3 ligase, can induce proteasome-dependent degradation
of the transcription factors IRF3, IRF5, and IRF7 to prevent their induction of IFN. Second, NSP1 can induce
proteasome-dependent degradation of the ubiquitin ligase complex protein B-TrCP, resulting in stabilization
of IkB and concomitant failure of virus to activate NF-«kB for induction of IFN. Third, rotavirus may sequester
NF-kB in viroplasms. And fourth, rotavirus can prevent STAT1 and STAT2 nuclear translocation. The predom-
inant mechanism for rotavirus inhibition of the IFN response is likely both rotavirus strain-specific and cell
type-specific. The mammalian reoviruses also display strain-specific differences in their modulation of the IFN
response. Reovirus activates RIG-I and IPS-1 for phosphorylation of IRF3. Reovirus-induced activation of MDA5
also participates in induction if IFN-B, perhaps through activation of NF-kB. Reovirus likely inhibits the IFN
response by at least 3 virus strain-specific mechanisms. First, the reovirus p2 protein can induce an unusual
nuclear accumulation of IRF9 and repress IFN-stimulated gene (ISG) expression, most likely by disrupting IRF9
function as part of the heterotrimeric transcription factor complex, ISGF3. Second, the reovirus o3 protein can
bind dsRNA and prevent activation of the latent antiviral effector protein PKR. And third, genetic approaches
have identified the reovirus A2 and ¢2 proteins in virus strain-specific modulation of the IFN response, but the
significance remains unclear. In sum, members of the family Reoviridae have evolved a variety of mechanisms to
subvert the host’s innate protective response.

Rotaviruses and Reoviruses ) ) ) )
rotaviruses associated with human disease (Gentsch and

THE ROTAVIRUS AND ORTHOREOVIRUS (“reovirus”) gen-
era fall in the family Reoviridae and include viruses
that infect a wide variety of mammalian species including
humans. Rotaviruses are responsible for up to 50% of diar-
rheal illnesses in infants and young children worldwide and
account for a half million or more deaths in this age group
annually (Estes and Kapikian 2007). Two vaccines (RotaTeq
and Rotarix) are now recommended for routine use in the
United States, but they have been available for only the past
several years and their use and efficacy in developing coun-
tries remain untested (Dennehy 2008; Parashar and Glass
2009). Rotaviruses are also important pathogens in food ani-
mals (Saif and others 1994), and reassortment between ani-
mal and human rotaviruses as well as direct transmission
from animals to humans has contributed to the diversity of

others 2005; Tsugawa and Hoshino 2008; Matthijnssens and
others 2009). Reoviruses, in contrast, are not associated with
serious human disease, but provide an excellent model for
study of viral pathogenesis in neonatal mice (Schiff and
others 2007). Studies using reovirus reassortants have iden-
tified the viral determinants of tropism and disease in the
central nervous system (Weiner and others 1977) and heart
(Sherry and Fields 1989; Sherry and Blum 1994), and repli-
cation in the gastrointestinal tract for spread to other ani-
mals (Keroack and Fields 1986; Bodkin and Fields 1989). The
structure of the whole virion has been resolved by cryoelec-
tron microscopy (Dryden and others 1993), and the reovirus
core has been solved to 3.6 A resolution (Reinisch and others
2000). Finally, the recent introduction of a reverse genetics
system for reoviruses (Kobayashi and others 2007) currently
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unavailable for rotaviruses has provided the tool to iden-
tify determinants of pathogenesis at the single amino acid
level (Danthi and others 2008). Therefore, the identification
of mechanisms by which rotaviruses and reoviruses mod-
ulate the host innate response will provide complementary
insights toward our goal of controlling disease.

Rotaviruses are comprised of 11 double-stranded RNA
(dsRNA) gene segments encoding 13 mature proteins, and
are assembled into a nonenveloped triple-layered infectious
particle (Estes and Kapikian 2007). Reoviruses, in contrast,
are comprised of 10 dsRNA gene segments encoding 12 pro-
teins and are assembled into a nonenveloped particle com-
posed of a core and outer capsid (Schiff and others 2007).
Moreover, the 2 genera have remarkably different replica-
tion strategies. Synthesis and assembly for both viruses is
exclusively cytoplasmic, although some viral proteins have
been detected in the nucleus. Both viruses also induce the
formation of distinctive cytoplasmic structures associated
with their replication and assembly, known as viroplasms
for rotavirus and viral inclusion bodies (VIBs) for reovirus.
However, during replication the immature rotavirus sub-
viral particle buds through the membrane of the endoplas-
mic reticulum and acquires a transient envelope, which is
subsequently lost before maturation and exit from the cell.
There is no analogous step for reovirus. Not surprisingly
then, given the different structures and replication strat-
egies, rotavirus and reovirus do not have clearly identifi-
able homologous genes or proteins apart from assignments
based on enzymatic function. And as discussed later, there
is currently no evidence that rotavirus and reovirus share
mechanisms in their modulation of the host interferon
(IFN) response.

General Viral Modulation of the IFN Response

Viral infection of most cells can induce expression and
secretion of type I IFN (IFN-a or IFN-B) as described by
Gale and Sen in this special issue of the Journal of Interferon
and Cytokine Research. Viruses are recognized by cell sen-
sors, which stimulate a cascade of events that activate tran-
scription factors IFN regulatory factor-3 (IRF3) and NF-«B
forinduction of IFN-B and -a4. These cytokines are secreted
and bind to the IFN-a/B receptor to activate Jakl and Tyk2
(kinases), which phosphorylate and activate transcription
factors STAT1 and STAT2 to form a heterotrimeric tran-
scription factor complex (ISGF3) with a third transcription
factor, IRF9. ISGF3 translocates to the nucleus and binds to
IFN-stimulated response elements (ISREs) to induce tran-
scription of hundreds of IFN-stimulated genes (ISGs), some
of which are antiviral. ISG IRF7 is itself a latent transcrip-
tion factor, which when activated by virus-induced phos-
phorylation forms a homodimer or heterodimer with IRF3,
to further induce IFN-B and IFN-o4 in a positive amplifi-
cation loop. The IFN pathway can involve other cell fac-
tors and is cell type-specific (van Boxel-Dezaire and others
2006). This rapid innate response provides critical pro-
tection, as evidenced by the increased virulence of many
viruses in mice lacking the IFN-a/B receptor (Muller and
others 1994; Shresta and others 2004; Ida-Hosonuma and
others 2005; Koerner and others 2007, Ryman and others
2007).

In turn, viruses have evolved many mechanisms to
sabotage this potent protective response ((Randall and
Goodbourn 2008), and other reviews in this special issue).
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For example, they can inactivate factors upstream of IRF3
and NF-«kB (Foy and others 2005; Barral and others 2007;
Childs and others 2007; Mibayashi and others 2007; Alff and
others 2008; Lu and others 2008), degrade STATs (Ulane and
others 2005), prevent STAT phosphorylation (Guo and oth-
ers 2005; Devaux and others 2007; Johnson and others 2008)
or nuclear translocation (Reid and others 2006; Frieman and
others 2007), decrease (Leonard and Sen 1996) or prevent
IRF9 nuclear translocation (Barnard and McMillan 1999),
and inhibit general nucleocytoplasmic transport (Porter and
others 2006). Many antiviral ISGs are latent until activated
by viral dsRNA. Viruses can express dsRNA-binding pro-
teins (Langland and Jacobs 2004; Hakki and Geballe 2005),
like reovirus protein o3 (Imani and Jacobs 1988; Yue and
Shatkin 1997), or dsRNA decoys to inhibit viral activation
of these host antiviral proteins (Sharp and others 1993; Lei
and others 1998), which can also participate in further induc-
tion of IFN-B (Malathi and others 2007). Accordingly, virus
strain-specific differences in subversion of the IFN response
can determine virulence (Seo and others 2002; Donelan and
others 2003). Deletion of viral genes encoding IFN repres-
sors provides a promising vaccine strategy and repressor
proteins present attractive targets for therapeutic interven-
tion (Borden and others 2007). This review will focus on our
current understanding of rotavirus and reovirus modula-
tion of the IFN response, with particular attention to virus
strains and cell types given the precedents that both are rel-
evant to this interaction.

Rotavirus Modulation of the IFN Response

Rotavirus infection induces IFN in humans (De Boissieu
and others 1993) and animals (Chaplin and others 1996),
and pretreatment with IFN can reduce diarrhea in calves
(Schwers and others 1985); therefore the IFN response likely
plays animportant role in protection against natural disease.
Investigations in mice suggest IFN can play a protective,
exacerbating, or irrelevant role in rotavirus infection and
disease (Petersen and others 1997, Angel and others 1999;
Vancott and others 2003; Shivakumar and others 2004; Feng
and others 2008), and that the role for IFN is virus strain-spe-
cific (Feng and others 2008). As discussed later, rotaviruses
likely inhibit the IFN response by at least 4 mechanisms:
(1) NSP1-mediated degradation of IRF proteins to subvert
induction of IFN; (2) NSP1-mediated repression of NF-kB
activation to subvert induction of IFN; (3) sequestration of
NF-kB in viroplasms; and (4) inhibition of IFN-stimulated
STAT nuclear accumulation (Fig. 1). Moreover, repression of
the IFN response is dependent on both the rotavirus strain
and the cell type.

Rotavirus Modulation of Induction of IFN

The first evidence that rotavirus proteins might interact
with cell proteins to modulate the IFN response resulted
from a yeast 2-hybrid screen to identify proteins binding to
the rotavirus NSP1 protein (Graff and others 2002). NSP1 is
a nonstructural protein with a highly conserved zinc finger
domain, which is found throughout the cytoplasm as well as
associated with the cytoskeleton (Estes and Kapikian 2007).
Graff and others found that the NSP1 from both bovine
(B641) and murine (EW) rotavirus strains interacted with
IRF3 in MA104 cells and they suggested that this interaction
might repress rotavirus induction of IFN. Indeed, Barro and
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FIG.1. Rotavirus and reovirus modulation of the Type I interferon (IFN) response. (A) Rotavirus likely inhibits the IFN
response by at least 4 virus strain-specific mechanisms. Rotavirus induces phosphorylation (activation) and nuclear translo-
cation of IFN regulatory factor-3 (IRF3), and induces phosphorylation of IkB to release NF-kB from an inactive complex. (1)
The rotavirus NSP1 protein can induce proteasome-mediated degradation of IRF3, IRF5, and IRF7 to subvert their induction
of IFN-B. (2) NSP1 can induce proteasome-mediated degradation of B-TrCF, which normally participates in ubiquitination of
IkB to induce its proteasome-mediated degradation. NSP1 can therefore stabilize IkB and repress NF-«B. (3) Rotavirus infec-
tion can result in sequestration of NF-«B in viroplasms, although it is unclear whether this has functional consequences.
(4) Rotavirus can prevent nuclear translocation of STAT1 and STAT?2, resulting in inhibition of IFN-stimulated induction of
IFN-stimulated gene (ISG) expression. Since IRF7 is an IFN-stimulated gene (ISG), and IRF?7 is critical for the positive ampli-
fication loop for IFN-B expression, this may also reduce IFN-B expression. (B) Reovirus likely inhibits the IFN response by at
least 3 virus strain-specific mechanisms. Reovirus activates RIG-I and IPS-1 for phosphorylation of IRF3. Reovirus-induced
activation of MDADJ also participates in induction of IFN-@, perhaps through activation of NF-«B. (1) The reovirus p2 protein
can induce an unusual nuclear accumulation of IRF9 and repress IFN-stimulated induction of ISGs, most likely by disrupt-
ing IRF9 function as part of the heterotrimeric transcription factor complex, ISGF3. As discussed for rotavirus, repression
of IRF7 expression may also reduce IFN-B expression. (2) The reovirus o3 protein can bind double-stranded RNA (dsRNA),
and prevent activation of the latent antiviral effector protein PKR. To date, there is no evidence that 03 modulates activa-
tion of sensors involved in induction of IFN. (3) Genetic approaches have identified the reovirus A2 and o2 proteins in virus
strain-specific modulation of the IFN response, but the significance remains unclear.

Patton found that NSP1 induces proteasome-mediated deg-
radation of IRF3 to repress IFN signaling (Barro and Patton
2005). Specifically, IRF3 bound NSP1 in Caco-2 cells infected
with a simian rotavirus strain (SA11-4F). While SA11-4F
reduced IRF3 in infected Caco-2 cells, a derivative virus
expressing an NSP1 with the C-terminal 17 amino acids
deleted (SA11-5S) did not. This strain and another expressing
a truncated NSP1 (SA11-30-1A, deleted for 71 amino acids)
activated an IFN reporter construct better than the parental
wild-type viruses did in FRhL, cells. The strains expressing
truncated NSP1 proteins also induced IRF3 dimerization in
Caco-2 cells and nuclear localization of a GFP-tagged IRF3
in FRhL, cells, while the parental wild-type viruses did not.
Cotransfection of constructs expressing wild-type NSP1 but
not C-terminally deleted NSP1 degraded GFP-IRF3 in 293T
cells, but GFP-IRF3 was spared if the cells were incubated

with the proteasome inhibitor MG132. Finally, the viruses
with a truncated NSP1 generated smaller plaques than
parental wild-type strains did in FRhL, cells, and siRNA-
mediated reduction of NSP1 in SA11-4F-infected MA10 cells
reduced plaque size, suggesting that the C-terminal domain
of NSP1 modulates viral replication. Together, the data
demonstrated that the C-terminal domain of NSP1 induces
proteasome-mediated degradation of IRF3 to repress viral
induction of IFN, and suggested that this enhances rotavi-
rus replication.

Given the strong conservation of protein domains across
IRFs, Barro and Patton used the same panel of simian rota-
viruses to ask whether rotavirus NSP1 also modulates IRF7,
critical for amplification of IFN, and IRF5, inducing IFN
and other cytokines in B lymphocytes and some dendritic
cells (Barro and Patton 2007). Supernatants from FRhL, cells
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infected with parental wild-type viruses but not viruses
with a truncated NSP1 inhibited VSV-GFP expression in
FRhL, cells, and this inhibition was reversed by incuba-
tion with anti-IFN-B antibodies. Similar to previous results
for IRF3, transfected constructs expressing full-length but
not C-terminally truncated NSP1 degraded IRF7, and IRF7
was spared in the presence of MG132. Moreover, co-immu-
noprecipitations suggested a physical interaction between
NSP1 and IRF7. Comparable experiments suggested NSP1-
induced degradation of IRF5. Finally, siRNA-mediated inhi-
bition of either IRF3 or IRF7 increased growth of parental
wild-type virus but not virus expressing a C-terminally
truncated NSP1 in Caco-2 cells. Collectively, the results
demonstrated that rotavirus NSP1 induces proteasome-
mediated degradation of IRF3, IRF5, and IRF7 (Fig. 1). Given
the role of IRF5 in induction of other antiviral responses,
this NSP1 function could have broad effects on viral repli-
cation and spread.

How might rotavirus NSP1 induce degradation of IRF
proteins? Graff and others found that IRF3 was degraded
in MA104 cells infected with a bovine (B641) but not a
porcine (OSU) rotavirus strain, and that the OSU strain
induced IRF3 phosphorylation instead (Graff and others
2007). Transfected B641 NSP1 was much more effective than
OSU NSP1 at binding to and inducing degradation of IRF3,
and site-directed mutagenesis of the zinc finger in the B641
NSP1 reduced both activities. Together, the data suggest
that NSP1 must bind to IRF3 to induce its degradation and
that the zinc finger is critical for this function. Interestingly,
mutations in the zinc finger also increased both B641 and
OSU NSP1 stability, suggesting NSP1 autoregulation of sta-
bility. Stability of both NSP1 proteins was increased in the
presence of MGI132, consistent with results from others for
NSP1 from a simian rotavirus strain (RRV) (Pina-Vazquez
and others 2007). Graff and others speculated that the NSP1
zinc finger might be part of an unconventional RING finger
domain involved in E3 ubiquitin ligase activity (Graff and
others 2007). E3 ligases often regulate their own stability
through self-ubiquitination and the zinc finger is required
for E3 ligase activity. Consistent with their speculation, OSU
NSP1 was sensitive to proteasome-mediated degradation,
but failed to induce proteasome-mediated IRF3 degradation
presumably because of poor binding to IRF3. In sum, the
data suggest that NSP1 regulates its own stability as well
as that of IRF3 through proteasome-mediated degradation,
that this function requires a zinc finger consistent with a
proposed E3 ligase activity, and that this function is virus
strain-specific.

Rotavirus NSP1 modulation of IRF3 is also cell type-
specific. Douagi and others found that a simian rotavirus
strain (RRV) induced degradation of IRF3 in mouse embryo
fibroblasts (MEFs) but not in mouse myeloid dendritic cells
(mDCs) (Douagi and others 2007). RRV infected mDCs effi-
ciently as evidenced by immunofluorescent microscopy, but
while 1 structural protein (VP6) was expressed at high lev-
els, anonstructural protein (NSP4) was expressed poorly and
there was no production of progeny virus. RRV infection of
these mDCs induced IFN through both IRF3-dependent and
IRF3-independent pathways, indicating at least some activa-
tion of IRF3. It is possible that NSP1 is expressed poorly in
RRV-infected mDCs allowing activation of IRF3 and induc-
tion of IFN; NSP1 levels were not measured. Alternatively,
mDCs may protect IRF3 from NSP1-induced degradation.
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Rotavirus NSP1 can also modulate NF-kB, a second
important transcription factor involved in viral induction of
IFN-B. Graff and others found that a swine rotavirus strain
(OSU) induced IRF3 phosphorylation and nuclear transloca-
tion in MA104 cells but surprisingly, OSU failed to induce
IFN-B expression (Graff and others 2009). Transfected OSU
NSP1 repressed poly I:.C induction of reporters for IFN-f
and NF-«B in 293-TLR3 cells, suggesting that OSU NSP1
represses induction of IFN-B by subverting NF-«B. Indeed,
infection with OSU or a bovine rotavirus strain (NCDV)
failed to activate the p50 or p65 subunits of NF-kB in MA104
cells, in contrast to infection with a bovine rotavirus strain
(A5-16) expressing a C-terminally truncated NSP1. Neither
OSU nor NCDV degraded these NF-kB subunits. Instead,
while A5-16 induced efficient phosphorylation and deg-
radation of IkBa to release active NF-kB, OSU and NCDV
induced phosphorylation but only minimal degradation of
IkBa and inhibited TNF-a-induced degradation of IkBa. In
addition, OSU or NCDV but not A5-16 infection induced deg-
radation of B-TrCP, a protein in the SCFBTP E3 ligase com-
plex that targets IkBa for proteasome-mediated degradation.
Incubation in MG132 inhibited this degradation. Finally, co-
immunoprecipitations demonstrated that OSU and NCDV
NSP1 proteins bound B-TrCP. Together the data suggest that
NSP1 can bind B-TrCP to stimulate its proteasome-mediated
degradation, thereby stabilizing IkBa to repress NF-«B and
subvert viral induction of IFN-B (Fig. 1). This NSP1 effect is
rotavirus strain-specific. The authors suggest that substrate
specificity of NSP1 may determine whether degradation
of IRF3 or B-TrCP is the dominant mechanism for rotavi-
rus subversion of the IFN-B response, with NCDV NSP1
preferentially targeting IRF3 and OSU NSP1 preferentially
targeting B-TrCP. Interestingly, there is also apparently an
NSP1l-independent mechanism for rotavirus modulation of
NF-kB: regardless of whether the infecting rotavirus acti-
vated the p65 subunit of NF-«kB (A5-16) or not (NCDV and
OSU strains), p65 remaining in the cytoplasm was found
localized to viroplasms, suggesting a specific sequestra-
tion of this transcription factor (Fig. 1). Holloway and others
found that simian (RRV) and human (Wa) rotavirus strains
allowed TNF-a-stimulated phosphorylation (activation) but
not nuclear translocation of p65 (Holloway and others 2009).
These data suggest that modulation of NF-kB is likely to be
common among rotavirus strains across animal species, but
virus strain-specific.

Rotavirus Modulation of IFN Signaling

Rotaviruses can also modulate IFN signaling, by inhibit-
ing STAT1 and STAT2 nuclear translocation. Holloway and
others found that a simian (RRV) rotavirus strain inhibited
IFN-a- and IFN-y-stimulated gene expression in MA104
cells (IFN-a and IFN-y) and Caco-2 cells (IFN-o; IFN-y was
not tested) (Holloway and others 2009). Human (Wa) rota-
virus also inhibited IFN-a- and IFN-y-stimulated gene
expression in MA104 cells, but Wa was less effective than
RRV. Neither virus induced degradation of STAT1 or STAT2,
nor did they inhibit their IFN-stimulated phosphorylation.
Instead, RRV inhibited IFN-stimulated nuclear transloca-
tion of STAT1 and STAT2 in both MA104 and Caco-2 cells
(Fig. 1). Simian (SA11), human (Wa), and bovine (UK) strains
also inhibited at least IFN-a-stimulated STAT?2 translocation
in MA104 cells (other conditions were not tested), suggesting
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that this repression mechanism is common among rotavirus
strains across animal species. Transfection of MA104 cells
with constructs expressing RRV NSP1, NSP3, or NSP4 failed
to repress IFN-a signaling, suggesting that none of these
NSPs individually are sufficient to mediate repression.

Reovirus Modulation of the IFN Response

The IFN response is a critical determinant of protec-
tion against reovirus-induced disease in 2 neonatal mouse
models. First, the IFN response determines reovirus strain-
specific differences in induction of myocarditis, paralleling
virus strain-specific differences in viral cytopathic effect
(Baty and Sherry 1993) and modulation of the IFN response
in primary cultures of cardiac myocytes (Sherry and oth-
ers 1998). Second, the IFN response is critical for protection
against viral replication in the central nervous system, paral-
leling reovirus activation of STAT1 in primary cortical neu-
ron cultures (Goody and others 2007). Finally, the capacity
to repress Type I IFN signaling correlates with the capacity
to induce myocarditis (Zurney and others 2009), suggest-
ing that subversion of the IFN response can determine reo-
virus disease. As discussed later, reoviruses likely inhibit
the IFN response by at least 3 mechanisms: (1) p2-mediated
inhibition of IFN signaling; (2) 03-mediated sequestration of
dsRNA; and (3) unknown mechanisms associated with \2
and «2 (Fig. 1).

Reovirus Modulation of Induction of IFN

Reovirus induction of IFN was first described over 40
years ago (Oie and Leh 1968). Reovirus dsRNA remains
a popular reagent to investigate signals for activation of
sensors triggering IFN synthesis (Kato and others 2008),
although the reovirus replication strategy would suggest
that reovirus dsRNA is either rarely or never exposed during
natural infection (Schiff and others 2007). An early compre-
hensive study of reovirus induction of IFN suggested that
infectious virus and ultraviolet light (UV)-inactivated virus
may stimulate different cell responses for induction of IFN
(Lai and Joklik 1973). One possibility is that UV-inactivated
virus is unstable, and that exposed dsRNA is recognized by
cell sensors that have been described using naked dsRNA
(Kato and others 2008). Lai and Joklik also found that empty
viral particles lacking dsRNA and noninfectious viral cores
failed to induce IFN, suggesting that reovirus entry pro-
cesses themselves are unlikely to induce IFN (Lai and Joklik
1973). Finally, their use of temperature-sensitive mutants of
reovirus indicated that all mutants, even those involved in a
late stage of virion morphogenesis, were defective in induc-
tion of IFN. Although they concluded that induction of IFN
required the formation of progeny virions, studies since
then suggest that most reovirus proteins play roles in multi-
ple stages of the replication cycle and therefore the mutants
could have been defective in earlier events critical for induc-
tion of IFN.

Later studies took advantage of the segmented reovirus
genome to identify genes associated with virus strain-spe-
cific differences in induction of IFN. Using a panel of reas-
sortant viruses, Sherry and others found that the S2, M1,
and L2 genes from strain T3D were associated with efficient
induction of IFN-o/B in primary cultures of murine car-
diac myocytes and fibroblasts (Sherry and others 1998). The
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S2-encoded 02 protein is an abundant structural protein in
the virion core, the L2-encoded A2 protein spans the virion
from the core to the virion surface and expresses multiple
enzymatic functions associated with mRNA capping, and
the MI-encoded p2 protein is a minor core protein associ-
ated with the A3 polymerase and expressing RNA-binding
and NTPase activities (Schiff and others 2007). After entry
and partial uncoating, the reovirus core synthesizes single-
stranded RNA (ssRNA) copies from the genomic dsRNA
template; later in infection a subviral particle composed
of the core and other reovirus proteins synthesizes both
dsRNA and ssRNA (Schiff and others 2007). This would
suggest that the capacity to induce IFN is a consequence of
viral RNA synthesis, and indeed, the same reovirus genes
are correlated with the rate of RNA synthesis in infected car-
diac myocytes (Sherry and others 1996). However, it is also
possible that the capacity to induce IFN is determined by
interactions of these reovirus proteins with cell proteins,
either as part of the virion or as protein in the cell. For exam-
ple, while u2 is only a minor component of the virion, it is
expressed abundantly in infected cells where it induces
hyperacetylation of microtubules and determines the mor-
phology of reovirus VIBs (Parker and others 2002). The spe-
cific roles played by these reovirus proteins in induction of
IFN remains to be determined.

More recent studies have dissected reovirus modulation
of cell RNA sensors (RIG-I and MDADJ) and transcription fac-
tors (IRF3 and NF-kB) involved in induction of IFN (Fig. 1).
Holm and others (2007) found that reovirus T3D activation
of an IRF3/IRF7 reporter construct in 293T cells required
genomic dsRNA, similar to earlier studies on induction of
IEN (Lai and Joklik 1973). T3D activated IRF3/IRF7 in the
presence of ribavirin suggesting that viral RNA synthesis
is not required; however, ribavirin actually enhanced IRF3/
IRF7 activationslightly suggesting thatinterpretation of these
results is complex. Reovirus T3D activation of the IRF3/IRF7
reporter construct in 293T cells required RIG-I and IPS-1 but
not MDADJ, as shown by cotransfection experiments where a
dominant negative inhibitor of RIG-I or siRNA specific for
RIG-I or IPS-1 but not MDAS repressed this activation. T3D
activation of IRF3/IRF7 in HeLa cells was also repressed by
siRNA for RIG-I but not MDAD. In contrast, T3D activation
of an NF-«B reporter construct in 293T cells required neither
RIG-I nor IPS-1, suggesting that reovirus induction of IFN-3
involves both RIG-I-dependent and RIG-I-independent path-
ways. The use of 2 different pathways is supported in stud-
ies by Loo and others, who found that T3D induction of ISGs
was reduced in MEFs lacking either RIG-I or MDAS5, and
that T3D induction of ISGs was almost completely ablated
in RIG-I-null MEFs treated with siRNA specific for MDAS
(Loo and others 2008). Together the data suggest that T3D is
recognized by RIG-I for activation of IRF3, and MDAS per-
haps for activation of NF-«kB. The demonstration that the
length of the dsRNA target can determine sensor preference
provides one possible mechanism for reovirus stimulation
of both RIG-I and MDADb. Indeed, stimulation of cells with
long reovirus dsRNA gene segments activates MDAS5 while
short reovirus dsRNA gene segments activate RIG-I (Kato
and others 2008); however, it is unclear how these gene seg-
ments might be exposed during reovirus replication (Schiff
and others 2007). Identification of the reovirus components
that may activate RIG-I and MDAS during natural infection
awaits future studies.
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Reovirus Modulation of IFN Signaling and
Antiviral Effects

Reovirus strains differ in their sensitivity to the antivi-
ral effects of IFN (Jacobs and Ferguson 1991), and again, a
genetic approach was used to identify the underlying viral
genetic determinants. Sherry and others found that the S2,
M1, and L2 genes from strain T3D were associated with sen-
sitivity to the antiviral effects of IFN-a/B in primary cul-
tures of murine cardiac myocytes and fibroblasts (Sherry
and others 1998). Interestingly, these are the same 3 genes
that were associated with reovirus strain-specific differ-
ences in induction of IFN-o/B (discussed earlier). One plau-
sible explanation is that reovirus strain-specific differences
in exposure of viral dsSRNA determine both events. Viral
dsRNA exposure could readily impact activation of RIG-I
and MDAJ5 for induction of IFN-a/B, but could also impact
activation of latent proteins involved in IFN-stimulated anti-
viral responses, such as PKR and 2',5"-oligoadenylate syn-
thetase. The S2, M1, and L2 genes encode viral core proteins
which, as discussed earlier, may modulate viral RNA syn-
thesis. Alternatively, these viral core proteins may determine
core stability and leakage of the genomic dsRNA resulting
in cytoplasmic exposure. It seems likely that the reovirus
dsRNA-binding protein ¢3, encoded by the 54 gene, would
prevent exposure of dsRNA, since it can substitute for a sim-
ilar role of E3L in vaccinia virus (Beattie and others 1995).
Indeed, o3 can inhibit dsRNA-mediated activation of PKR
(Imani and Jacobs 1988; Yue and Shatkin 1997), and reovirus
strain-specific differences in inhibition of host cell protein
synthesis is associated with the 54 gene (Sharpe and Fields
1982). The failure to identify the S4 gene as associated with
induction of or sensitivity to IFN can be interpreted only to
mean that 03 does not determine reovirus strain-specific
differences in these events, not that o3 is irrelevant to these
events. A second possible explanation for the identification
of the same 3 genes as determinants of reovirus induction of
and sensitivity to IFN is that the 2 events are interdependent
and therefore, modulation of one will impact the other. For
example, if reovirus resistance to IFN reflected the repres-
sion of IFN signaling, then resistant viruses would prevent
IFN induction of IRF7 expression and interrupt the positive
amplification loop for induction of IFN. Accordingly, reovi-
ruses resistant to IFN would also induce less IFN. The iden-
tification of one of these 3 genes as encoding a repressor of
IFN signaling (the M1 gene; (Zurney and others 2009)) sug-
gests that this may be the case, as discussed later.

Reoviruses can repress IFN-o/B signaling, this repres-
sion is virus strain-specific, and it involves a novel mech-
anism not previously described. Zurney and others found
that reovirus TIL repressed IFN-a/f induction of the
ISGs IRF7 and STAT1 in mouse 1929 cells, but T3D did not
(Zurney and others 2009). Experiments using a panel of
reovirus reassortants identified the T1L M1 and S2 genes
as associated with this repression. However, experiments
using recombinant viruses with single gene substitutions
generated by reverse genetics demonstrated that the TIL
M1 gene was a determinant of repression while the 52 gene
was uninvolved and had merely cosegregated with the M1
gene in the reassortant panel. The T1L, but not the T3D, M1
gene repressed IFN-a/B induction of an ISG reporter con-
struct when cotransfected into HEK293 cells, indicating
that other reovirus genes or cell responses stimulated by
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infection were not required for this repression. T1L infec-
tion did not induce STAT1, STAT2, or IRF9 degradation
and did not inhibit STAT1 or STAT2 translocation to the
nucleus. However, T1L but not T3D infection resulted in an
unusual nuclear accumulation of IRF9. A recombinant virus
comprised of a TIL backbone with an M1 gene substituted
from T3D failed to induce IRF9 nuclear accumulation, dem-
onstrating that the TIL M1 gene is required for this effect.
In addition, a recombinant virus comprised of a T3D back-
bone and an M1 gene substituted from T1L-induced IRF9
nuclear accumulation, demonstrating that the T1L M1 gene
is sufficient for this effect. Together, the results suggest that
the TIL M1 gene-encoded p2 protein induces an unusual
nuclear accumulation of IRF9 associated with reovirus sub-
version of the IFN response (Fig. 1). IRF9 contains a nuclear
localization signal and can shuttle to the nucleus in the
absence of stimulation, but lacks a nuclear export signal and
instead associates with STAT?2 for exit from the nucleus (Lau
and others 2000; Banninger and Reich 2004; Reich 2007).
Therefore, the T1L u2 protein might disrupt IRF9-STAT2
interactions, resulting in IRF9 nuclear accumulation and
concomitant disruption of the IRF9-STAT2-STAT1 interac-
tions required for IFN signaling. As discussed earlier, p2
is a minor viral core protein involved in viral RNA synthe-
sis, but it is also abundantly expressed in infected cells and
is an important determinant of VIB formation (Parker and
others 2002). Interestingly, u2 is also found in the nucleus
of infected cells (Parker and others 2002; Kobayashi and
others 2009), despite the exclusively cytoplasmic reovirus
replication strategy. Future studies will address whether n2
represses IFN signaling by disrupting IRF9-STAT2 inter-
actions either in the cytoplasm or nucleus, or whether this
repression involves another mechanism.

Conclusions

While the evidence to date suggests that rotavirus and
reovirus use different mechanisms to subvert the IFN
response (Fig. 1), many avenues remain unexplored. What
are the cell sensors that recognize rotavirus? Does reovi-
rus modulate IRFs other than IRF9? Rotavirus and reovi-
rus modulation of cell proteins is virus strain-specific, and
likely cell type-specific as well (Zurney and others 2007),
and therefore results should be interpreted with caution.
Nonetheless, future studies may reveal new commonalities
between these 2 genera and offer insights into controlling
diseases caused by dsRNA viruses.
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