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ABSTRACT Serotype 3 (T3) reoviruses induce substantially more type 1 interferon
(IFN-I) secretion than serotype 1 (T1) strains. However, the mechanisms underlying
differences in IFN-I production between T1 and T3 reoviruses remain undefined. Here,
we found that differences in IFN-I production between T1 and T3 reoviruses corre-
late with activation of interferon regulatory factor 3 (IRF3), a key transcription factor
for the production of IFN-I. T3 strain rsT3D activated IRF3 more rapidly and to a
greater extent than the T1 strain rsT1L, in simian virus 40 (SV40) immortalized endo-
thelial cells (SVECs). Differences in IRF3 activation between rsT1L and rsT3D were ob-
served in the first hours of infection and were independent of de novo viral RNA and
protein synthesis. NF-�B activation mirrored IRF3 activation, with rsT3D inducing
more NF-�B activity than rsT1L. We also found that IRF3 and NF-�B are activated in
a mitochondrial antiviral-signaling protein (MAVS)-dependent manner. rsT1L does
not suppress IRF3 activation, as IRF3 phosphorylation could be induced in rsT1L-
infected cells. Transfected rsT1L and rsT3D RNA induced IRF3 phosphorylation, indi-
cating that genomic RNA from both strains has the capacity to activate IRF3. Finally,
bypassing the normal route of reovirus entry by transfecting in vitro-generated viral
cores revealed that rsT1L and rsT3D core particles induced equivalent IRF3 activa-
tion. Taken together, our findings indicate that entry-related events that occur after
outer capsid disassembly, but prior to deposition of viral cores into the cytoplasm,
influence the efficiency of IFN-I responses to reovirus. This work provides further in-
sight into mechanisms by which nonenveloped viruses activate innate immune re-
sponses.

IMPORTANCE Detection of viral nucleic acids by the host cell triggers type 1 in-
terferon (IFN-I) responses, which are critical for containing and clearing viral in-
fections. Viral RNA is sensed in the cytoplasm by cellular receptors that initiate
signaling pathways, leading to the activation of interferon regulatory factor 3
(IRF3) and NF-�B, key transcription factors required for IFN-I induction. Serotype
3 (T3) reoviruses induce significantly more IFN-I than serotype 1 (T1) strains. In
this work, we found that differences in IFN-I production by T1 and T3 reoviruses
correlate with differential IRF3 activation. Differences in IRF3 activation are not
caused by a blockade of the IRF3 activation by a T1 strain. Rather, differences in
events during the late stages of viral entry determine the capacity of reovirus to
activate host IFN-I responses. Together, our work provides insight into mecha-
nisms of IFN-I induction by nonenveloped viruses.
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The type 1 interferon (IFN-I) response is a critical component of innate immunity that
functions to limit viral replication and initiate adaptive responses that clear viral

infections (1). IFN-I responses are initiated by the detection of viral nucleic acids by
cellular pattern recognition receptors (PRRs) (2). PRRs for RNA viruses include the
cytosolic retinoic acid inducible gene I (RIG-I)-like receptors (RLRs) and membrane-
bound Toll-like receptors (TLRs) (2). RLRs detect viral RNA in the cytoplasm, whereas
TLRs detect viral RNA in endosomal compartments (3). Detection of viral RNA by RLRs
or TLRs activates signaling pathways that culminate in the phosphorylation and acti-
vation of interferon regulatory factor 3 (IRF3), a transcription factor that controls IFN-I
production (3, 4). The RLRs RIG-I and melanoma differentiation-associated protein 5
(MDA5) recruit the adaptor molecule mitochondrial antiviral-signaling protein (MAVS)
(4), which activates TANK-binding kinase 1 (TBK1), which phosphorylates and activates
IRF3 (1). TLR3 detects double-stranded RNA (dsRNA) in the endosome and signals
through Toll-like receptor adaptor molecule 1 (TICAM-1/TRIF) and TBK-1, leading to IRF3
activation (1). RLR and TLR signaling also activates NF-�B, which is required for IFN-I
production (3). NF-�B is held inactive in the cytoplasm by inhibitor of kappa B (I�B)
proteins (3). RLR signaling through MAVS leads to the activation of I�B kinases � and
� (IKK�/�), which phosphorylate I�B�, causing it to be degraded by the proteasome,
thereby freeing NF-�B (p65-p50 heterodimers) to translocate to the nucleus (3). Acti-
vated IRF3 also translocates to the nucleus, where it coordinates with NF-�B and AP-1
to induce expression and secretion of IFN-I (1). Secreted IFN-I binds to the interferon
alpha (IFN-�) receptor (IFNAR) in an autocrine and paracrine manner to trigger Janus-
activated kinases (JAKs), JAK-1 and tyrosine kinase 2 (TYK-2), which phosphorylate
signal transducer and activator of transcription 1 (STAT1) and 2 (STAT2) (1). Phosphor-
ylated STAT1 and STAT2 dimerize and associate with interferon regulatory factor 9
(IRF9) to form the interferon-stimulated gene factor 3 (ISGF3) transcription factor
complex, which translocates to the nucleus to bind interferon-stimulated response
elements (ISREs) and induce expression of numerous interferon-stimulated genes (ISGs)
(1). ISGs perform a variety of effector functions, such as inhibition of cellular translation
and activation of RNases, to produce an antiviral state that restricts viral replication and
programs adaptive responses that mediate viral clearance (1).

Mammalian orthoreoviruses (reoviruses) are nonenveloped viruses with segmented
dsRNA genomes (5). Reovirus virions are composed of two protein shells, the outer
capsid and the inner core, which encapsulate 10 segments of viral genomic dsRNA.
Reoviruses spread by oral or respiratory routes, and most people are infected by at least
one of three reovirus serotypes during childhood (6). Although reovirus infection of
humans is largely asymptomatic, recent evidence suggests that reovirus has the
capacity to break oral immune tolerance, which can lead to celiac disease (7). In
neonatal mice, reoviruses exhibit serotype-specific patterns of dissemination and dis-
ease (5). Following oral or nasal inoculation, reoviruses disseminate from the intestine
or lung to every organ system in the body, including the central nervous system (CNS)
(5). Serotype 1 (T1) reoviruses spread to the CNS by hematogenous routes and infect
ependymal cells, causing nonlethal hydrocephalus (5). In contrast, serotype 3 (T3)
reoviruses disseminate to the CNS by hematogenous and neural routes, infect neurons,
and cause lethal encephalitis (5).

Like other RNA viruses, reoviruses potently induce IFN-I in cell culture and in vivo (8,
9). IFN-I is critical for the control of reovirus infection in mouse models of infection.
Although adult mice are normally resistant to reovirus disease, mice lacking IFN-�
receptor 1 (IFNAR1) succumb to reovirus infection (10–12). In addition to serotype-
specific differences in routes of viral dissemination and CNS cell tropism and disease, T1
and T3 reoviruses differ in the induction of, and sensitivity to, IFN-I (8, 14). T3 reoviruses
induce more IFN-I than T1 reoviruses (8). Although T1 viruses elicit less IFN-I than T3
strains, T1 reoviruses are more resistant to the effects of IFN-I, at least in cultured cells
(14). In vivo, however, virulence of the T3 strain T3SA� is minimally affected in mice
lacking IRF3 (15). In contrast, T1L kills IRF3-deficient mice but not wild-type animals (15).
These findings indicate that in vivo, IFN-I responses may be more important for control
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of T1 reoviruses than for that of T3 strains. Thus, T1 strains may minimize IFN-I induction
as a means of protection from the antiviral effects of IFN-I. Despite the dramatic
differences in IFN-I induction between T1 and T3 reoviruses, the mechanisms that
dictate differences in IFN-I induction between reovirus serotypes remain undefined.

In this study, we characterized the IFN-I response to T1 and T3 reovirus in simian
virus 40 (SV40) immortalized endothelial cells (SVECs), a mouse endothelial cell line.
Endothelial cells are critical targets for reovirus infection in mice and are a key cell type
for reovirus dissemination via the blood (16, 17). We found that similar to other cell
types, the T3 reovirus rsT3D induced substantially more IFN-� secretion from SVECs that
the T1 strain rsT1L. IRF3 and NF-�B activation by the two strains correlated with the
level of IFN-� production, as rsT3D activated IRF3 and NF-�B to a far greater extent than
rsT1L. Minimal IRF3 activation by rsT1L does not result from impairment of IRF3
induction by rsT1L. Rather, our data indicate that detection of incoming viral genomic
RNA differs between rsT1L and rsT3D. Our work further reveals that late steps in
reovirus entry mediate serotype-specific differences in reovirus IFN-I induction. To-
gether, these results suggest that slight differences in entry events can lead to
significant differences in innate immune detection and response, which may alter
pathogenesis.

RESULTS
rsT3D induces more IFN-� than rsT1L in SVECs. To assess reovirus-mediated IFN-I

responses in endothelial cells, we measured IFN-� production from SVECs following
infection with rsT1L or rsT3D. Infection with rsT3D induced IFN-� with more rapid
kinetics and to higher levels than rsT1L (Fig. 1A). These findings are consistent with
studies in other cells, including cardiac myocytes, HeLa cells, and L929 cells (8, 12). Also
consistent with other cell types, we found that rsT1L and rsT3D produced comparable
viral progeny yields from SVECs despite differences in IFN-I production (Fig. 1B). These
findings indicate that reoviruses have mechanisms that enable replication in the
presence of IFN-I responses.

Differences in IFN-� secretion correlated with differences in IFNAR signaling and ISG
expression. In comparison to rsT1L-infected cells, rsT3D induced higher levels of
phosphorylated STAT1 and STAT2 (Fig. 1C). At 8 h, rsT3D induced markedly higher
levels of Oas1b and IFIT1 than those induced by rsT1L (Fig. 1D). By 24 h, ISG transcript
levels had normalized between rsT1L- and rsT3D-infected cells, although OAS1b levels
remained higher for rsT3D than rsT1L (Fig. 1E). These results indicate that IFN-�
produced from SVECs in response to reovirus infection is biologically active. Further,
although rsT3D induces high levels of ISGs at 8 h, ISG levels are reduced by 24 h. It is
unclear whether rsT3D actively represses ISG induction or if reduced ISG levels are due
to intrinsic down-modulation of the IFN-I response associated with prolonged IFN-I
exposure (18). The reduction in ISGs at late times could account for the observation that
rsT1L and rsT3D replicate comparably in SVECs (Fig. 1B). We also noted that rsT3D
induced substantially more phosphorylation of IRF3 on Ser396 than rsT1L. Phosphor-
ylation of IRF3 on Ser396 is a marker for transcriptionally active IRF3 (19, 20). Phos-
phorylated IRF3 was detected in rsT3D-infected cells as early as 2 h postinfection, and
phospho-IRF3 levels increased over the time course. In contrast, rsT1L induced little, if
any, phospho-IRF3. Together, these data indicate that rsT3D more potently elicits IFN-I
responses than rsT1L in SVECs. These findings further suggest that differential IFN-I
activation between rsT1L and rsT3D is elicited at the early stages of reovirus infection
and prior to induction of IFN-I gene expression.

rsT3D and rsT1L differentially activate IRF3 in SVECs. To characterize IRF3
activation by rsT1L and rsT3D in SVECs, we assessed IRF3 phosphorylation following
infection with rsT1L and rsT3D at a range of multiplicities as determined by titer on
L929 cells (Fig. 2A). Importantly, the particle-to-PFU ratios for the rsT1L and rsT3D stocks
were comparable. Therefore, the total number of virus particles used for experiments
did not vary due to the presence of excessive defective particles for either strain. At 6 h,
high levels of phosphorylated IRF3 were detected in cells infected with rsT3D at a
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multiplicity of infection (MOI) of 100 PFU/cell. However, little phosphorylated IRF3 was
induced by rsT1L at any MOI tested. At 24 h, IRF3 phosphorylation was detected at MOIs
of 10 and 100 PFU/cell for rsT3D but only at an MOI of 100 PFU/cell for rsT1L. The
reovirus replication cycle in cell culture is 18 to 24 h, and IRF3 phosphorylation at 24 h
likely results from secondary infection by new progeny virions. To confirm that phos-
phorylated IRF3 translocates to the nucleus in SVECs, we assessed IRF3 in cytoplasmic
and nuclear fraction lysates at 6 h (Fig. 2B). Consistent with results from whole-cell
lysates, substantially less phosphorylated IRF3 was detected in nuclear fractions from
rsT1L-infected cells than from rsT3D-infected cells. To determine whether IRF3 is
transcriptionally active, we transfected SVECs with a firefly luciferase reporter under the
control of tandem IRF-binding sites (Fig. 2C). At 24 h posttransfection, cells were mock
infected, transfected with the dsRNA analog poly I·C, or infected with rsT1L or rsT3D.
Consistent with greater nuclear phospho-IRF3, rsT3D induced significantly more lucif-
erase activity than did rsT1L. Similar results were observed in 293T cells (data not
shown). Together, these data indicate that although rsT3D and rsT1L have the capacity
to activate IRF3, rsT3D activates IRF3 more effectively than rsT1L.

T3 reovirus strains that bind sialic acid (SA), including T3D, can infect cells more
efficiently than T1 strains (21). To assess viral infectivity in SVECs, cells were adsorbed
with rsT1L or rsT3D at an MOI of 100 PFU/cell and viral antigen-positive cells were
quantified at 24 h (Fig. 2D and E). We found a slightly higher percentage of cells
infected with rsT3D than rsT1L. To determine whether differences in infectivity between
rsT1L and rsT3D lead to differences in IFN-I induction, we increased the MOI to 1,000
PFU/cell (Fig. 2F). At an MOI of 1,000 PFU/cell, rsT1L induced slight IRF3 phosphoryla-
tion. However, the levels of phospho-IRF3 induced by rsT1L at this dose did not reach
the levels induced by 10-fold less rsT3D. These results indicate that differences in
infectivity do not cause differential IFN-I induction by rsT1L and rsT3D.

RIG-I, MDA5, MAVS, and TBK1 mediate reovirus-induced IRF3 phosphorylation
in SVECs. To define the cellular sensors and kinases that detect reovirus and activate
IRF3 in SVECs, we used RNA interference (RNAi) to knock down endogenous RIG-I,
MDA5, MAVS, TBK1, IKK�, and TLR3 (Fig. 3). Knockdown of RIG-I, MDA5, MAVS, TBK1,
and IKK protein levels were confirmed by immunoblotting (Fig. 3A to C and E).
Knockdown of TLR3 transcript levels were confirmed by reverse transcription-
quantitative PCR (RT-qPCR) (Fig. 3D). MAVS-specific siRNA transfection abolished rsT3D-
induced IRF3 phosphorylation (Fig. 3A and B). Transfection of siRNA specific for RIG-I or
MDA5 alone had no effect on reovirus-induced IRF3 phosphorylation. However,
cotransfection of RIG-I- and MDA5-specific siRNAs reduced IRF3 phosphorylation to
background levels (Fig. 3C). Transfection of TBK1 siRNA substantially reduced IRF3
phosphorylation, whereas transfection of siRNA specific for IKK� had a moderate effect
on IRF3 phosphorylation (Fig. 3E). These results indicate that both TBK1 and IKK� have
the capacity to phosphorylate IRF3 on Ser396. However, TBK1 appears to be the
predominant kinase responsible. In contrast, TLR3-specific siRNA did not affect IRF3
phosphorylation in response to rsT3D infection (Fig. 3B). Together, these results indi-
cate that reovirus activates IRF3 via the RIG-I/MDA5–MAVS–TBK1/IKK� axis in SVECs but
that TLR3 does not contribute to reovirus-induced IFN-I induction in this cell line.

rsT3D activates NF-�B more potently than rsT1L in SVECs. In addition to IRF3,
production of IFN-� also requires NF-�B activation. To assess reovirus-induced NF-�B

FIG 1 rsT3D more potently induces IFN-� than rsT1L in SVECs. (A) SVECs were mock infected or infected with rsT1L or rsT3D at an MOI of 100 PFU/cell.
At 4, 8, 12, and 24 h, IFN-� levels in the cell culture supernatant were measured by IFN-�-specific ELISA. Results are presented as the mean of duplicate
samples � standard deviation (SD). *, P � 0.05; ****, P � 0.0001 (as determined by two-way analysis of variance [ANOVA]). (B) SVECs were infected with
rsT1L or rsT3D at an MOI of 1 PFU/cell, and viral titers were quantified at 0, 24, 48, and 72 h on L929 cells. Data are presented as mean viral yields for
triplicate samples from three independent experiments � SD. (C) SVECs were mock infected (M), treated with purified IFN-� (IFN) (200 U/ml), or infected
with rsT1L (T1) or rsT3D (T3) at an MOI of 100 PFU/cell. At 2, 4, 6, and 8 h postinfection (hpi), whole-cell lysates were prepared and proteins were separated
by SDS-PAGE. Immunoblot analysis was performed for phosphorylated IRF3 (p-IRF3), total IRF3, phosphorylated STAT1 (p-STAT1), total STAT1,
phosphorylated STAT2 (p-STAT2), total STAT2, or �-actin. (D and E) SVECs were mock infected or infected with rsT1L or rsT3D at an MOI of 100 PFU/cell.
At 8 (D) and 24 (E) h, Oas1b and IFIT1 mRNA levels were quantified by RT-qPCR. Results are presented as the mean of triplicate samples from two
independent experiments � SD. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001 (as determined by Student’s t test).
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FIG 2 rsT3D induces higher levels of IRF3 activation than rsT1L in SVECs. (A) SVECs were mock infected (M) or infected with rsT1L or rsT3D at an MOI of 1, 10,
or 100 PFU/cell. Whole-cell lysates were prepared at the indicated times, and immunoblot analysis was performed to detect phosphorylated IRF3 (p-IRF3), total
IRF3, �-actin, or reovirus proteins. (B) SVECs were mock infected or infected with rsT1L or rsT3D at an MOI of 100 PFU/cell, and cytoplasmic and nuclear fraction
lysates were prepared at 6 h. Immunoblot analysis was performed to detect phosphorylated IRF3 (p-IRF3), total IRF3, �-actin, �-tubulin, lamin A/C, or reovirus
proteins. (C) SVECs were transfected with an IRF3 firefly luciferase reporter (p55C1BLuc) and a Renilla luciferase control. At 24 h, cells were mock infected,
transfected with poly I·C (2 �g), or infected with rsT1L or rsT3D at an MOI of 100 PFU/cell. Luciferase expression was measured at 24 h posttransfection. Results
are presented as the mean ratio of firefly luciferase activity to Renilla luciferase activity for triplicate samples from three independent experiments � SD. **,
P � 0.01; ***, P � 0.001 (as determined by one-way ANOVA test). (D) SVECs were infected with rsT1L or rsT3D at an MOI of 100 PFU/cell. At 24 h, cells were
fixed and stained for reovirus antigen (green). Nuclei were stained with DAPI (blue). (E) Quantification of the percentage of infected cells in panel D. Results
are presented as the mean number of infected cells from triplicate samples from two independent experiments. (F) SVECs were infected with rsT1L or rsT3D
at an MOI of 100 or 1,000 PFU/cell. At 6 h, whole-cell lysates were prepared and immunoblot analysis was performed to detect phosphorylated IRF3 (p-IRF3),
�-actin, or reovirus proteins.
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FIG 3 RIG-I, MDA5, MAVS, and TBK1 mediate reovirus-induced IRF3 phosphorylation. SVECs were transfected with negative-control siRNA or siRNA specific for
MAVS (A), MAVS or TLR3 alone or in combination (B), RIG-I or MDA5 alone or in combination (C), or TBK1 or IKK� (E). At 48 h, cells were mock infected (M),
infected with rsT3D (T3) or rsT1L (T1) at an MOI of 100 PFU/cell, or transfected with poly(I·C) (2 �g). At 6 h postinfection, whole-cell lysates were prepared and
immunoblot analysis was performed for phosphorylated IRF3 (p-IRF3), total IRF3, RIG-I, MDA5, MAVS, �-actin, TBK1, IKK�, or reovirus proteins, as indicated. (D)
At 48 h posttransfection with negative-control siRNA or TLR3-specific siRNA, TLR3 mRNA levels were quantified by RT-qPCR. Results are presented as the mean
of triplicate samples � SD. *, P � 0.01 (as determined by Student’s t test).
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activation in SVECs, we monitored phosphorylation of IKK�/�, I�B� degradation, and
nuclear translocation of p65 (RelA) following rsT1L or rsT3D infection (Fig. 4). In
rsT3D-infected cells, phosphorylated IKK�/� was detected as early as 2 h and peaked
at 6 h (Fig. 4A). However, in rsT1L-infected cells, only low levels of phosho-IKK�/� were
detected. I�B� degradation was observed following infection with rsT3D but not rsT1L
(Fig. 4A). Finally, p65 was detected in the nucleus of rsT1L- and rsT3D-infected cells,
although substantially higher levels of nuclear p65 were detected for rsT3D (Fig. 4B).
These results indicate that rsT3D induces higher levels of NF-�B signaling and activation
than rsT1L.

Recruitment and oligomerization of MAVS can lead to NF-�B activation (3). To
determine whether MAVS mediates reovirus-induced NF-�B activation, we compared
NF-�B activation in wild-type SVECs and SVECs in which MAVS were deleted using
CRISPR/Cas technology (MAVS-CRISPR). As before, we found higher levels of phospho-
IKK�/� and degradation of I�B in wild-type SVECs infected with rsT3D (Fig. 4C).
However, rsT3D did not induce IKK�/� phosphorylation or I�B degradation in MAVS-
CRISPR SVECs. Importantly, deletion of MAVS had no effect on tumor necrosis factor
alpha (TNF-�)-induced NF-�B activation. Together, these findings indicate that NF-�B
activation by rsT1L and rsT3D mirror strain-specific differences in IRF3 induction. These
results also indicate that early reovirus-induced NF-�B activation is mediated in a
MAVS-dependent manner in SVECs.

Viral protein synthesis is dispensable for differential IRF3 activation by rsT1L
and rsT3D. To determine whether viral protein synthesis is required for differential IRF3
activation by rsT1L and rsT3D in SVECs, we tested the capacity of reovirus to activate
IRF3 in the presence of ribavirin (Fig. 5). Ribavirin is a guanosine analog that is
incorporated into RNA and introduces mutations that make viral mRNAs untranslatable
(22, 23). SVECs were incubated with a range of ribavirin concentrations, and reovirus
protein synthesis was analyzed at 6 h (Fig. 5). Viral protein production by rsT3D was
completely blocked at all ribavirin concentrations tested. We found that rsT1L was more
resistant to ribavirin, with complete inhibition of rsT1L protein synthesis observed only
at 40 �M ribavirin. IRF3 was phosphorylated in response to rsT3D at each ribavirin
concentration tested. However, no dose of ribavirin tested enabled rsT1L to activate
IRF3. This finding indicates that rsT1L does not synthesize a gene product that blocks
IRF3 activation.

Ribavirin also inhibits reovirus RNA synthesis at concentrations that do not interfere
with cellular RNA synthesis (14, 15). Using RT-qPCR, we found that 40 �M ribavirin
reduced the amount of S4 mRNA synthesized by rsT1L and rsT3D to similar levels
detected at time zero hour postinfection (Fig. 5B). As 40 �M ribavirin had no effect on
reovirus-induced IRF3 phosphorylation (Fig. 5A), this result suggests that reovirus RNA
synthesis is not required for IRF3 phosphorylation by rsT3D. These data are consistent
with the hypothesis that incoming viral genomic dsRNA is sufficient to activate IRF3 in
SVECs, at least for T3 reoviruses.

Entry-related IRF3 activation is not suppressed by rsT1L. To determine whether
rsT1L blocks induction of the IFN-I response that is triggered during early stages of
infection, SVECs were infected with rsT1L for 4 h and then transfected with poly I·C to
trigger IRF3 activation (Fig. 6). We found that cells infected with rsT1L retained the
capacity to activate IRF3 in response to poly I·C during the early stages of infection. We
also noted that levels of RIG-I and MDA5 were comparable in rsT1L- and rsT3D-infected
cells. This finding indicates that rsT1L does not impair IRF3 activation by causing the
degradation of IRF3 or RNA sensors. Together, our results indicate that differences in
IRF3 activation between rsT1L and rsT3D do not result from rsT1L suppressing the
signaling pathway that leads to IRF3 activation. Rather, this finding suggests that events
early in the replication cycle related to the detection of incoming viral genomic RNA
differ between rsT1L and rsT3D, leading to differences in IRF3 activation.

rsT3D and rsT1L genomic RNAs induce IRF3 phosphorylation in SVECs. Our data
suggest that rsT1L does not actively antagonize IRF3 activation. Thus, the minimal IRF3
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FIG 4 rsT3D elicits more NF-�B activation than rsT1L in SVECs. SVECs were left untreated (U) or were
treated with TNF-� (TNF) for 15 min, mock infected (M), or infected with rsT1L or rsT3D at an MOI of 100
PFU/cell. Whole-cell lysates were prepared at the indicated times, and immunoblot analysis was
performed to detect phosphorylated IKK�/� (p-IKK�/�), I�B�, �-actin, or reovirus proteins. (B) SVECs
were mock infected, infected with rsT1L or rsT3D at an MOI of 100 PFU/cell, or transfected with poly(I·C).
At the indicated times, cytoplasmic and nuclear fraction lysates were prepared and immunoblot analysis
was performed to detect p65, �-actin, �-tubulin, lamin A/C, or reovirus proteins. (C) Wild-type SVECs or
MAVS-CRISPR SVECs were mock infected (M), treated with TNF-� (TNF) for 15 min, or infected with rsT1L
or rsT3D at an MOI of 100 PFU/cell. Whole-cell lysates were prepared at the indicated times, and
immunoblot analysis was performed to detect phosphorylated IKK�/� (p-IKK�/�), total IKK�/�, I�B�,
MAVS, �-actin, or reovirus proteins.
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activation by rsT1L could be due to (i) differential detection of rsT1L and rsT3D genomic
RNA or (ii) differing events leading to detection of viral RNA between rsT1L and rsT3D.
To assess the detection of T1L and T3D reovirus genomic RNA by cellular sensors, SVECs
were transfected with RNA isolated from purified rsT1L or rsT3D virions and IRF3
phosphorylation was assessed by immunoblotting. At the lower dose (0.25 �g), trans-
fected genomic RNA from rsT1L and rsT3D induced comparable levels of IRF3 phos-
phorylation (Fig. 7A). We noted that at the higher dose (0.5 �g), rsT1L genomic RNA
induced IRF3 activation more potently than rsT3D RNA. These data indicate that T1 and
T3 reovirus genomes are detected by cytoplasmic RNA sensors and activate IRF3 in
SVECs.

Transfected RNA can be taken up into endosomes and lead to TLR3 activation (24).
Our results indicate that TLR3 does not mediate IRF3 activation during reovirus infec-
tion (Fig. 3). To ensure that transfected rsT1L genomic RNA has the capacity to activate
the same cytoplasmic RNA sensors that detect rsT3D during infection, we performed
siRNA knockdown of MAVS or TLR3 for 48 h prior to transfection with 0.5 �g of rsT1L
or rsT3D genomic RNA or 2 �g of poly I·C. MAVS- or TLR3-specific siRNAs alone
modestly reduced IRF3 phosphorylation by genomic RNA from both strains. However,
cotransfection of MAVS- and TLR3-specific siRNAs reduced IRF3 phosphorylation to
near background levels (Fig. 7B). These findings indicate that transfected reovirus
genomic RNA activates cytoplasmic sensors and TLR3. Although TLR3 is artificially
triggered by RNA transfection, RIG-I and MDA5, both of which are triggered by reovirus
infection, have the capacity to detect T1L and T3D genomic RNA in the cytoplasm. Thus,
differential IRF3 phosphorylation by T1L and T3D does not result from differences in
RNA structure or sequence. Rather, our findings suggest that events leading to the
delivery of viral RNA into the cytosol likely differ between rsT1L and rsT3D, resulting in
differential IRF3 induction.

Virion disassembly is required for IRF3 phosphorylation. To determine whether
reovirus disassembly is required for IRF3 activation in SVECs, we tested the effect of
ammonium chloride and E64 on reovirus-induced IRF3 phosphorylation. Ammonium
chloride inhibits endosomal acidification, and E64 inhibits cysteine proteases cathepsin
B and L, both of which are required for reovirus outer capsid protein disassembly (25,
26). Infection with rsT1L and rsT3D was completely inhibited by 10 mM ammonium
chloride or 100 �M E64 (data not shown), and neither compound was toxic to SVECs
at these concentrations (data not shown). The effectiveness of ammonium chloride or
E64 treatment was confirmed by the lack of �1 cleavage into the � fragment (Fig. 8A).
Ammonium chloride completely blocked IRF3 phosphorylation by rsT3D (Fig. 8A). E64

FIG 5 Viral protein synthesis and RNA synthesis are not required for reovirus-induced IRF3 phosphorylation. (A) SVECs were mock infected (M)
or infected with rsT1L or rsT3D at an MOI of 100 PFU/cell in the absence or presence of ribavirin at the indicated concentrations. At 6 h, whole-cell
lysates were prepared and immunoblot analysis was performed for phosphorylated-IRF3 (p-IRF3), total IRF3, �-actin, or reovirus proteins. (B) SVECs
were infected with rsT1L or rsT3D at an MOI of 100 PFU/cell in the absence or presence of 40 �M ribavirin. At 6 h, total RNA was extracted and
reovirus S4 mRNA levels were determined by RT-qPCR. Results are presented as the mean of triplicate samples � SD and are representative of
three independent experiments. *, P � 0.05; **, P � 0.01 (as determined by Student’s t test).
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markedly reduced IRF3 activation, although not as effectively as ammonium chloride
(Fig. 8A). This is likely because E64 is not membrane permeable and must be taken up
by cells through endocytosis. These data indicate that reovirus outer capsid disassem-
bly is required for IRF3 activation in SVECs.

To determine whether differences in IRF3 activation between rsT1L and rsT3D result
from differences in disassembly, we infected cells with infectious subvirion particles
(ISVPs). ISVPs are formed in the gut and lung by tissue-resident proteases or in
endosomes by cathepsin proteases (27, 28). We generated ISVPs in vitro by chymo-
trypsin digestion of rsT1L and rsT3D virions (Fig. 8B). Consistent with other cell types
(29–32), ISVPs were more infectious than virions in SVECs (Fig. 8C). In contrast to rsT1L
virions, rsT1L ISVPs induced IRF3 phosphorylation (Fig. 8D). The difference is likely due
to the increased infectivity of ISVPs relative to that of virions. However, IRF3 phosphor-
ylation levels induced by rsT3D ISVPs remained greater than those elicited by rsT1L
ISVPs. These findings suggest that differences in outer capsid processing do not lead to
differential IRF3 activation by rsT1L and rsT3D.

FIG 6 rsT1L does not block entry-related IRF3 phosphorylation. SVECs were mock-infected (M), infected
with rsT1L (T1) at an MOI of 100 PFU/cell, or transfected with poly I·C (2 �g). At 4 h postinfection,
rsT1L-infected cells were transfected with poly I·C (2 �g). At 6 h postinfection, whole-cell lysates were
prepared and proteins were separated by SDS-PAGE. Western blot analysis was performed for phos-
phorylated IRF3, total IRF3, RIG-I, MDA-5, �-actin, or reovirus proteins.

FIG 7 Reovirus genomic RNA induces IRF3 phosphorylation in SVECs. (A) SVECs were transfected with 0.25 �g or 0.5 �g of rsT1L or rsT3D genomic RNA or with
2.0 �g of poly(I·C). (B) SVECs were transfected with siRNA specific for MAVS or TLR3 alone or in combination for 48 h prior to transfection with 0.5 �g of genomic
RNA or poly(I·C) (2 �g). At 6 h, immunoblot analysis was performed for phosphorylated IRF3 (p-IRF3), total IRF3, �-actin, or MAVS. **, P � 0.001 (as determined
by Student’s t test).
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FIG 8 Reovirus disassembly is required for IRF-3 phosphorylation. (A) SVECs were infected with rsT1L (T1) or rsT3D (T3) at an MOI of 100 PFU/cell in the absence
or presence of ammonium chloride or E64 at the indicated concentrations. At 6 h, immunoblot analysis was performed for phosphorylated IRF3 (p-IRF3), total IRF3,
�-actin, or reovirus proteins. (B) To generate ISVPs, 2 � 1010 rsT1L or rsT3D particles were incubated with chymotrypsin (CHT). Proteins were resolved by SDS-PAGE
and stained with Coomassie blue. Viral proteins are indicated to the right of the image. (C) SVECs were infected with rsT1L or rsT3D virions at an MOI of 100 PFU/cell
or rsT1L or rsT3D ISVPs at an MOI of 10 PFU/cell. At 24 h, cells were fixed with methanol, stained with DAPI (blue) and reovirus polyclonal antiserum (green), and
visualized by indirect immunofluorescence. (D) SVECs were infected with rsT1L or rsT3D virions or ISVPs at an MOI of 100 PFU/cell in the absence or presence of
20 mM ammonium chloride. At 6 h, immunoblot analysis was performed for phosphorylated IRF3, total IRF3, �-actin, or reovirus proteins.
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rsT1L and rsT3D cores induce IRF3 phosphorylation. Our data suggest that
differential IRF3 activation between rsT1L and rsT3D results from differences at steps
following viral disassembly but prior to viral gene expression. Following disassembly,
ISVPs mediate penetration of the endosomal membrane and release of the transcrip-
tionally active core into the cytosol (16–18). We generated reovirus core particles in
vitro by chymotrypsin digestion with the addition of cesium chloride (Fig. 9A). Reovirus
cores are not infectious because they lack the viral attachment protein �1 and
membrane penetration protein �1 (21). To functionally confirm the generation of core
particles, cells were exposed to rsT1L or rsT3D cores with or without transfection
reagent (Fig. 9B). Few cells stained positive for viral antigen when cores were added to
cells without transfection reagent. However, transfection of cores led to an increase in
infected cell numbers. This result demonstrates that core particles were not infectious
unless assisted across the cell membrane. To determine whether rsT1L and rsT3D cores
activate IRF3, cells were exposed to rsT1L or rsT3D cores at MOIs of 10,000 or 100,000
particles/cell with or without transfection reagent. In the absence of transfection
reagent, IRF3 phosphorylation was not detected (Fig. 9C). However, transfected rsT1L
and rsT3D cores induced comparable levels of IRF3 phosphorylation. Together, our
results indicate that rsT1L and rsT3D cores have the capacity to activate IFN-I signaling
when deposited in the cytoplasm. Thus, differences in IRF3 activation do not result from
native differences in the capacity of capsids to release innate immune agonists. Rather,
our results suggest that entry-related events that occur prior to delivery of viral cores
into the cytoplasm dictate differences in reovirus serotype-specific IRF3 activation.

DISCUSSION

Here, we characterized how T1 and T3 reoviruses activate IFN-I responses in a mouse
endothelial cell line (SVECs). Endothelial cells are a critical target for reovirus infection
in vivo and facilitate viral spread via the bloodstream (16, 17). Consequently, determin-
ing how reovirus activates IFN-I responses in endothelial cells is important for under-
standing reovirus pathogenesis. Consistent with studies in other cell types (8), we found
that a T3 reovirus (rsT3D) induced substantially more IFN-� than a T1 strain (rsT1L) in
SVECs. We further found that the difference in IFN-� induction between the two strains
correlated with IRF3 activation; rsT3D induced higher levels of IRF3 phosphorylation
than rsT1L in SVECs. Differences in IRF3 phosphorylation between rsT1L and rsT3D were
apparent as early as 2 h postinfection, indicating that differential IFN-I responses to T1
and T3 strains originate early during reovirus infection. This time frame corresponds to
the window of reovirus entry (25, 33). Similar to IRF3 activation, we found that rsT3D
induced NF-�B activation more potently than rsT1L. Moreover, NF-�B activation is
mediated by a MAVS-dependent pathway (Fig. 4). Consistent with other studies, our
findings indicate that incoming genomic reovirus RNA is sufficient to activate the IFN-I
pathway in SVECs (34–37), as transfected genomic rsT1L or rsT3D RNA had the capacity
to activate IRF3 (Fig. 7). This result indicates that physical or chemical differences
between genomic RNA from the two strains do not cause differential activation of the
IFN-I pathway. Instead, our data indicate that entry-related events lead to differential
detection of T1 and T3 reovirus genomic RNA and cause differences in IFN-I induction
between reovirus serotypes.

Reovirus infection is initiated by attachment to cell surface receptors, including
carbohydrates, Nogo receptor 1 (NgR1), and junctional adhesion molecule A (JAM-A)
(26, 38, 39). Virions are internalized into the endocytic pathway and converted to ISVPs
through the activity of acid-dependent cathepsin proteases that degrade �3 and cleave
�1 to produce the �1N, �1�, and �1	 fragments (25, 26). Blocking ISVP conversion
with ammonium chloride or E64 prevents IRF3 activation (Fig. 8). This finding indicates
that the initial outer capsid disassembly steps leading to ISVP formation are required to
trigger IFN-I responses. However, rsT3D ISVPs induced higher levels of IRF3 phosphor-
ylation than rsT1L ISVPs, indicating that differences in outer capsid disassembly do not
mediate differential IRF3 activation (Fig. 8). Thus, events downstream of ISVP formation
determine the efficiency of IFN-I induction by reovirus. ISVPs are subsequently modified
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FIG 9 rsT1L and rsT3D core particles induce IRF3 phosphorylation. (A) To generate core particles, rsT1L
and rsT3D virions were incubated with chymotrypsin (200 �g/ml) and cesium chloride (400 mM). A total
of 2 � 1010 particles were resolved by SDS-PAGE, and proteins were stained with Coomassie blue. Viral
proteins are indicated to the right of the image. (B and C) SVECs were exposed to rsT1L or rsT3D cores
at an MOI of 10,000 or 100,000 particles (prt)/cell with or without transfection reagent. (B) At 24 h, cells
were fixed with methanol, stained with DAPI (blue) and reovirus polyclonal antiserum (green), and
visualized by indirect immunofluorescence. (C) At 6 h, immunoblot analysis was performed for phos-
phorylated IRF3 (p-IRF3), total IRF3, �-actin, or reovirus proteins.
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to produce a disassembly species termed ISVP*, which is characterized by separation of
the �1N and �1	 domains from the particle (40, 41). The �1 protein also dissociates
from its docking site with the 
2 protein, opening the channel that allows mRNA exit
during transcription (42). ISVP* formation also requires interaction with cellular lipids
(43, 44). Following ISVP* formation, the viral core is deposited in the cytoplasm (42). The
liberated �1N and �1	 fragments are hypothesized to mediate pore formation in the
endosomal membrane. However, the mechanism by which reovirus cores cross cellular
membranes is poorly understood. We found that bypassing the normal route of entry
by transfecting in vitro-generated rsT1L and rsT3D viral core particles leads to compa-
rable levels of IRF3 phosphorylation (Fig. 9). It is important to note that a limitation of
using in vitro-generated reovirus cores is that the �1-� fragment can remain associated
and is hypothesized to be removed by cellular Hsc70 during entry (45–47). Future work
will focus on understanding how this step in viral disassembly contributes to reovirus
innate immune activation. The finding that cores do not differ in IRF3 activation
indicates that once in the cytoplasm, rsT1L and rsT3D cores have similar capacities to
activate the IFN-I pathway. These data also indicate that events after ISVP formation,
but prior to deposition of the viral core into the cytoplasm, determine the capacity of
reovirus to activate IFN-I responses. As both rsT1L and rsT3D genomic RNAs are capable
of activating IRF3, our findings suggest that rsT1L and rsT3D genomes are delivered to
host cells in a different manner.

It is possible that differential IFN-I induction between rsT1L and rsT3D could relate
to differences in ISVP* formation or membrane penetration. In vitro-generated T3D
ISVPs convert to ISVP*s more rapidly than T1L ISVPs (40, 48). Faster conversion to ISVP*s
could allow T3D to undergo the subsequent entry steps more rapidly than T1L.
Initiating downstream entry events at a higher rate may allow T3D to become acces-
sible to RLRs with more rapid kinetics than T1L. It also is possible that more rapid virion
disassembly could lead to earlier exit from the endosomal pathway for T3D than for
T1L. T3D cores may be deposited in the cytoplasm in closer proximity to RLRs than T1L
cores, thus allowing more efficient detection of viral RNA. Once ISVP* formation is
complete, the �1 fragments mediate exit of the core from the endosome into the host
cell cytosol by promoting formation of pores in the endosomal membrane (5). T3D has
a greater capacity to cause membrane disruption than T1L. In addition, mutations in the
�1 protein that confer resistance to 70% ethanol also reduce IRF3 activation by T3D
(49).

Another possibility to explain differences in IFN-I induction between T1 and T3
reoviruses is that T1 strains antagonize the activation of the response. Many viruses
cleave or degrade components of the IFN-I induction pathway (50, 51). However, levels
of RIG-I, MDA5, MAVS, and IRF3 did not differ between rsT1L and rsT3D infections (Fig.
3 and 6). Thus, the key RNA sensing and signal transducing molecules that activate IRF3
are not degraded by rsT1L. Moreover, IRF3 could be phosphorylated in response to poly
I·C in cells infected with rsT1L (Fig. 6), indicating that rsT1L does not functionally
inactivate the IFN-I pathway. Finally, IRF3 phosphorylation was not induced by rsT1L in
the presence of ribavirin, indicating that an rsT1L gene product does not block IRF3
activation. Together, these findings indicate that minimal IRF3 activation by rsT1L does
not result from viral antagonism of the IRF3 signaling pathway.

Previous work indicates that reovirus activates NF-�B via a MAVS-independent
mechanism (34). However, NF-�B activity was measured by a luciferase reporter assay
at late times during infection (24 h). Reovirus induces at least two phases of NF-�B
activation during infection (52), and assays quantifying NF-�B at late times could detect
activity from multiple rounds of NF-�B induction. Indeed, using a reporter assay, we
found that rsT3D induced more NF-�B activity than rsT1L did at 12 h, but activity at 24
h did not differ between rsT1L and rsT3D in HeLa cells (data not shown). Our results
indicate that NF-�B can be activated at early stages of infection through MAVS.
However, it is possible that cell-specific differences also contribute to reovirus-induced
NF-�B activation.

Although rsT1L induces IFN-I production and ISG induction less potently than rsT3D,
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rsT1L does induce IFN-I responses (Fig. 1 and 2). It could be predicted that greater
induction of the IFN-I pathway would limit viral replication of rsT3D relative to that of
rsT1L. We found that rsT3D induced higher ISG levels than rsT1L did at early times
during infection (8 h) (Fig. 1). However, ISG induction by rsT3D is reduced to the levels
induced by rsT1L at late times. It is unclear whether reduced ISG results from repression
by rsT3D or normal cellular down-modulation of the response (18). Reduced ISG levels
in rsT3D-infected cells may explain why rsT1L and rsT3D replicate comparably in many
cell types, including SVECs (Fig. 1). To replicate efficiently in spite of strong IFN-I
responses suggests that T3 strains have the capacity to more effectively resist the
effects IFN-I. However, T1 strains are more resistant to IFN-Is than T3 viruses, a
phenotype that maps to the M1 gene-encoded �2 protein (53). The T1 �2 protein
blocks IRF9 recycling, which impairs IFN-I signaling (53). Recent work revealed that
reovirus blocks IFN-I production by sequestering IRF3 in viral factories during the late
stages of infection (54). Thus, reoviruses have the capacity to overcome the IFN-I
response and replicate efficiently, regardless of the level of IFN-I production.

In this study, we characterized the activation of IFN-I responses to reovirus infection
in endothelial cells. A T3 reovirus strain induced markedly more IFN-I from endothelial
cells than the T1 strain tested. Concomitant with IFN-I production, the T3 strain
activated IRF3 more rapidly and to higher levels than the T1 strain. Differences in IRF3
activation occur during the early stages of infection but prior to deposition of reovirus
cores in the cytoplasm. Together, our results indicate that differential delivery of the
viral genome leads to serotype differences in detection of reovirus genomic RNA by
cellular RNA sensors. Understanding how reoviruses elicit IFN-I responses provides
insight into the mechanisms by which nonenveloped viruses are sensed by the host
innate immune system.

MATERIALS AND METHODS
Cell lines. Murine SV40 immortalized endothelial cells (SVEC4-10; SVECs) 293T cells, HeLa cells, and

HEK293T cells (ATCC, Rockville, MD) were maintained in Dulbecco’s modified Eagle’s media (DMEM)
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA)
and 2 mM L-glutamine (Invitrogen, Carlsbad, CA). Spinner-adapted murine L929 cells were maintained in
Joklik’s minimum essential medium (JMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with 5% FBS, 2
mM L-glutamine, 100 U/ml penicillin–100 �g/ml streptomycin mixture (Invitrogen, Carlsbad, CA), and 250
ng/ml amphotericin B (Sigma-Aldrich, St. Louis, MO). Baby hamster kidney cells constitutively expressing
bacteriophage T7 RNA polymerase (BHK-T7) were maintained in DMEM supplemented with 10% FBS, 2
mM L-glutamine, 100 U/ml penicillin–100 �g/ml streptomycin mixture, 250 ng/ml amphotericin B, and
1 mg/ml Geneticin (Invitrogen, Carlsbad, CA) (55).

Generation of CRISPR/Cas9 knockout SVECs. The target guide sequence specific for MAVS was
designed and cloned into the lentiCRISPRv2 plasmid. LentiCRISPR v2 was a gift from Feng Zhang
(Addgene plasmid 52961). Cloning of the MAVS guide sequence was performed using the protocol
provided by the Zhang lab (56). Briefly, the lentiCRISPRv2 plasmid was digested using BsmB1 and FastAP.
Oligonucleotides specific for MAVS (forward, 5=-CACCGAGGAAGCCCGCAGTCGATCC-3=; reverse, 5=-AAA
CGGATCGACTGCGGGCTTCCTC-3=) were annealed and ligated into digested plentiCRISPR v2. Lentivirus
was generated by transfection of HEK293T cells with lentiCRISPR-MAVS (4,000 ng), pSPAX2, and pCMV-G
at a 6:4:2 ratio using Lipofectamine 2000. After 24 h, filtered supernatant from HEK29T cells was added
to SVECs in 6-well plates in combination with Polybrene. At 48 h postransduction, lentiCRISPR v2-MAVS-
containing cells were selected with puromycin (2 �g/ml). Loss of MAVS expression in SVECs were
confirmed by immunoblotting.

Viruses. Recombinant strains (rs) of T1L (rsT1L) and T3D (rsT3D) were generated by plasmid-based
reverse genetics (57, 58). Purified reovirus virions were generated using second- or third-passage L929
cell lysate stocks of twice-plaque-purified reovirus as described previously (59). Viral particles were
extracted with Vertrel (TMC Industries, Waconia, MN) from infected cell lysates, layered onto 1.2- to
1.4-g/cm3 CsCl gradients, and centrifuged at 29,000 rpm for 18 h. Bands corresponding to virions (1.36
g/cm3) were collected and dialyzed against virion storage buffer (150 mM NaCl, 15 mM MgCl2, 10 mM
Tris-HCl [pH 7.4]). The concentration of reovirus virions in purified preparations was determined from the
following equivalence: 1 optical density at 260 nm (OD260) unit � 2.1 � 1012 virions (60). Viral titers were
determined by plaque assay using L929 cells (61).

ISVPs were generated by incubating 2 � 1011 virions with 200 �g/ml of TLCK (N�-p-tosyl-L-lysine
chloromethyl ketone)-treated �-chymotrypsin (CHT) in a total volume of 0.1 ml virion storage buffer (150
mM NaCl, 15 mM MgCl2, 10 mM Tris-HCl [pH 7.4]) at 37°C for 1 h (rsT1L) or 20 min (rsT3D) (62, 63). CHT
activity was terminated by adding 2 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich, St. Louis,
MO) on ice. Core particles were generated by incubation of 5 � 1011 virions with 200 �g/ml of CHT and
400 mM CsCl in a total volume of 0.1 ml virion storage buffer at 37°C (rsT3D) or 42°C (rsT1L) for 90 min.
CHT protease activity was terminated by the addition of 2 mM PMSF on ice. Core particles were dialyzed
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against virion storage buffer prior to use. Generation of ISVPs and core particles was confirmed by
separating 2 � 1010 particles by SDS-PAGE, followed by Coomassie brillant blue staining. Core particle
formation was further confirmed by overlaying cells with cores combined with or without Lipofectamine
2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.

Virus replication. Monolayers of cells (1 � 105 cells/well) in 24-well plates (Corning Inc., Corning, NY)
were adsorbed in triplicate with reovirus at the MOIs indicated in the figure legends for 1 h at room
temperature in 1� phosphate-buffered saline (PBS) containing calcium chloride and magnesium chloride
(PBS�/�). Cells were washed twice with PBS�/� and incubated at 37°C in supplemented medium for
various time intervals. Cells were frozen and thawed twice prior to the determination of viral titer by
plaque assay on L929 cells (61). Viral yields were calculated according to the equation log10 yieldtx �
log10(PFU/ml)tx – log10(PFU/ml)t0, where tx is the time postinfection.

Immunoblot analysis. Monolayers of cells (1 � 106 cells/well) in 6-well plates (Corning Inc., Corning,
NY) were infected or transfected as indicated in the figure legends. At the times indicated in the figure
legends, the cells were washed twice with ice-cold PBS, and total cellular protein was extracted using 1�
RIPA buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Igepal, 0.1% SDS, 0.1% deoxycholate)
containing cocktails of protease and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO). Cell lysates
were transferred to tubes and incubated on ice for 30 min, followed by centrifugation at 14,800 rpm at
4°C for 15 to 30 min to remove cellular debris. For extraction of cytoplasmic and nuclear proteins, cells
in 6-well plates (1 � 106 cells/well) were washed twice with ice-cold PBS, collected using 18-cm cell
lifters, and transferred to tubes. Following centrifugation at 4,000 rpm at 4°C for 5 min, the supernatant
was removed and cytoplasmic lysates were prepared using cytoplasmic extract (CE) buffer (10 mM HEPES
[pH 7.9], 10 mM KCl, 1 mM EDTA, 0.3% Igepal) containing a cocktail of protease and phosphatase
inhibitors. After 5 min of incubation on ice, lysates were centrifuged at 3,000 rpm at 4°C for 5 min, and
supernatant was harvested as the cytoplasmic extract. The pellet was resuspended and washed in CE
buffer without NP-40 and centrifuged at 3,000 rpm at 4°C for 5 min, and the supernatant was discarded.
Nuclear lysates were prepared by adding nuclear extract buffer (20 mM HEPES [pH 7.9], 0.4 M NaCl, 1 mM
EDTA, 25% glycerol) containing a cocktail of protease and phosphatase inhibitors (Sigma-Aldrich, St.
Louis, MO) to the pellet, followed by incubation on ice for 10 min and centrifugation at 14,000 rpm at
4°C for 10 min. Supernatant was harvested as nuclear extract. Protein concentrations were determined
by the DC protein assay (Bio-Rad, Hercules, CA), and 30 �g of protein per lysate was heated at 99°C for
5 min in Laemmli sample buffer and subjected to SDS-PAGE and immunoblot analysis. Immunoblots
were visualized with the enhanced chemiluminescent (ECL) assay (ThermoFisher Scientific, Waltham, MA)
using a ChemiDoc MP imaging system (Bio-Rad, Hercules, CA).

Antibodies. Antibodies included rabbit monoclonal anti-phospho-IRF3(Ser396) antibody (1:1,000)
(Cell Signaling, Danvers, MA), rabbit monoclonal anti-IRF3 antibody (1:1,000) (Abcam, Cambridge, United
Kingdom), rabbit polyclonal anti-STAT1 antibody (1:1,000) (Cell Signaling, Danvers, MA), rabbit mono-
clonal anti-phospho-STAT1(Tyr701) antibody (1:1,000) (Cell Signaling, Danvers, MA), rabbit polyclonal
anti-STAT2 antibody (1:1,000) (Cell Signaling, Danvers, MA), rabbit polyclonal anti-STAT2(phospho Y690)
antibody (1:1,000) (Abcam, Cambridge, United Kingdom), mouse monoclonal anti-�-tubulin antibody
(1:1,000) (Cell Signaling, Danvers, MA), mouse monoclonal anti-lamin A/C antibody (1:1000) (Cell Signal-
ing, Danvers, MA), rabbit monoclonal anti-Rig-I antibody (1:1,000) (Cell Signaling, Danvers, MA), rabbit
monoclonal anti-MDA5 antibody (1:1,000) (Cell Signaling, Danvers, MA), anti-MAVS antibody (1:1,000)
(Cell Signaling, Danvers, MA), mouse monoclonal anti-I�B� antibody (1:2000) (Santa Cruz Inc., Santa Cruz,
CA), rabbit monoclonal anti-phospho-IKK�/� antibody (1:1,000) (Cell Signaling, Danvers, MA), rabbit
monoclonal anti-IKK�� antibody (1:1,000) (Cell Signaling, Danvers, MA), rabbit monoclonal anti-IKK�

antibody (1:1,000), rabbit monoclonal anti-NF-�B p65 antibody (1:1,000) (Cell Signaling, Danvers, MA),
rabbit monoclonal anti-TBK-1 antibody (1:1,000) (Cell Signaling, Danvers, MA), rabbit monoclonal anti-
IKK� antibody (1:1,000) (Cell Signaling, Danvers, MA), mouse monoclonal anti-� actin antibody (1:5,000)
(Sigma-Aldrich, St. Louis, MO), goat polyclonal horseradish peroxidase (HRP)-conjugated anti-mouse
antibody (1:2,000), and goat polyclonal HRP-conjugated anti-rabbit antibody (1:2,000) (Jackson Immu-
noResearch, West Grove, PA). Reovirus-specific rabbit polyclonal antiserum (1:2500) was provided by
Terence Dermody (University of Pittsburgh School of Medicine).

Luciferase reporter assay. Monolayers of SVECs (1 � 105 cells/well) in 12-well culture plates
(Corning, Corning, NY) were transfected with 0.45 �g of IRF3 reporter plasmid (p55C1B-Luc) and 0.05 �g
of Renilla luciferase internal control plasmid (pRL-TK) using Lipofectamine LTX with Plus reagent
(Invitrogen, Carlsbad, CA). At 24 h posttransfection, cells were transfected with the dsRNA analog
polyinosinic:poly(C) (poly I·C) (Sigma-Aldrich, St. Louis, MO), mock infected, or absorbed with rsT1L or
rsT3D at an MOI of 100 PFU/cell at room temperature for 1 h. Cells were harvested 24 h postinfection in
luciferase passive lysis buffer, and luciferase expression was measured using the dual-luciferase reporter
assay system (Promega, Madison, WI) and a FLUOstar Omega luminometer (BMG Labtech, Cary, NC).
Firefly luciferase activity was normalized to the Renilla luciferase control. The average of triplicate
samples was presented as the fold induction of firefly luciferase activity over that of Renilla luciferase
activity.

Quantification of IFN-� by ELISA. Monolayers of SVECs (1 � 105 cells/well) in 24-well plates were
mock infected or adsorbed with rsT1L or rsT3D at an MOI of 100 PFU/cell at room temperature for 1 h.
At 4, 8, 12, and 24 h, IFN-� in cell culture medium was measured using the VeriKine mouse IFN-� ELISA
kit (PBL Assay Science, Piscataway Township, NJ) according to the manufacturer’s instructions.

Treatment with ammonium chloride (NH4Cl), E64, ribavirin, or IFN-�. Monolayers of SVECs (1 �
106 cells/well) in 6-well plates were incubated in the presence or absence of 10 mM NH4Cl (ThermoFisher
Scientific, Waltham, MA), 100 �M E64 (Sigma-Aldrich, St. Louis, MO), or 5 to 40 �M ribavirin (Sigma-
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Aldrich, St. Louis, MO) at 37°C for 1 h prior to viral adsorption. Cells were mock infected or adsorbed with
rsT1L or rsT3D at an MOI of 100 PFU/cell at room temperature for 1 h. Following adsorption, treatments
were readministered and cells were incubated at 37°C for various time intervals. For experiments using
IFN-� or TNF-�, cells were treated with 200 U of purified mouse IFN-� (PBL Assay Science, Piscataway
Township, NJ) or 20 ng/ml of TNF-� for 15 min (ThermoFisher Scientific, Waltham, MA) immediately
following a viral adsorption period. Cells were harvested for immunoblot analysis at the times indicated
in the figure legend.

Transfection of core particles. The concentration of core particles was determined by OD260. Cells
were transfected with 10,000 or 100,000 particles/cell. In separate tubes, core particles were diluted in a
final volume of 250 �l of Opti-MEM I reduced serum medium (Invitrogen, Carlsbad, CA). A volume of 10
�l of Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was also diluted in Opti-MEM I. Tubes were incubated
at room temperature for 5 min, and mixtures were combined and incubated at room temperature for 20
min. Monolayers of SVECs grown on 6-well plates to 50 to 70% confluence were washed twice with PBS,
and the Lipofectamine-core particle mixture was added. After 4 h of incubation at 37°C, 2 ml of
supplemented DMEM was added. At 8 h posttransfection, whole-cell lysates were prepared for immu-
noblot analysis, and at 24 h, posttransfection cells were fixed for indirect immunofluorescence (64).

RT-qPCR. For reverse transcription-quantitative PCR (RT-qPCR), monolayers of SVECs (1 � 106

cells/well) in 6-well plates were mock infected or adsorbed in triplicate with rsT1L or rsT3D at an MOI of
100 PFU/cell. At the indicated time points, total RNA was extracted using the RNeasy Plus kit (Qiagen,
Hilden, Germany). RNA was eluted into a final volume of 30 �l, and 100 ng/�l was used for cDNA
synthesis. RNA was converted to cDNA by RT using an Eppendorf thermal cycler (Eppendorf, Hamburg,
Germany) and amplified by PCR using the Step One Plus real-time PCR system (Applied Biosystems,
Foster City, CA). RT-qPCR was performed with the TaqMan fast virus 1-step master mix (Applied
Biosystems, Foster City, CA), and reaction conditions were generated according to the manufacturer’s
instructions. Forward (S4 83F, 5=-CGCTTTTGAAGGTCGTGTATCA-3=) and reverse (S4 153R, 5=-CTGGCTGT
GCTGAGATTGTTTT-3=) primers corresponding to the viral S4 gene were used for reverse transcription and
quantitative PCR amplification. The S4-specific fluorogenic probe used was 5=-56-FAM-AGCGCG
CAAGAGGGATGG GA-3BHQ-1-3= (IDT Technologies, Coralville, IA). Reactions were performed in triplicate.
The levels of S4 mRNA were normalized to the expression of the GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) housekeeping gene, and the relative quantification in gene expression was determined
using the 2�ΔΔCT method (65). For analysis of murine TLR3 mRNA, forward (5=-TTCCTGCTGGAAAACTGG
ATGG-3=) and reverse (5=-TCAGCCTGAAAGTGAAACTCGC-3=) primers corresponding to murine TLR3 were
used for reverse transcription and quantitative PCR amplification. Oas1b and IFIT1 mRNA expression was
determined using the TaqMan gene expression assay (Applied Biosystems, Foster City, CA) according to
the manufacturer’s instructions.

Indirect immunofluorescence. Monolayers of SVECs (5 � 104 cells/well) grown on 8-well Lab-Tek
chamber slides (ThermoFisher Scientific, Waltham, MA) were adsorbed with rsT1L or rsT3D reovirus
at an MOI of 100 PFU/cell at room temperature for 1 h. Following the removal of the inoculum, cells
were washed with PBS and incubated with supplemented medium at 37°C. At 24 h, monolayers were
fixed with ice-cold methanol at �20°C for at least 30 min, washed twice with PBS, and blocked with
2% bovine serum albumin (BSA) in PBS for 15 min. For detection of reovirus proteins, cells were
stained with rabbit polyclonal reovirus-specific antiserum at a 1:500 dilution in PBS– 0.5% Triton
X-100 at room temperature for 30 min. Monolayers were washed twice with PBS and incubated with
a 1:1,000 dilution of anti-rabbit Alexa 488-labeled antibody and 4=,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, St. Louis, MO). Monolayers were washed twice with PBS, and infected cells
were visualized by indirect immunofluorescence using an Eclipse-Ti confocal fluorescence micro-
scope (Nikon Instruments, Tokyo, Japan).

Small interfering RNA and transient transfections. SVECs were grown on 6-well plates in supple-
mented medium to 50 to 70% confluence. Cells were transfected with murine MAVS, TLR3, RIG-I, MDA5
Stealth RNAi siRNA, TBK-1, IKK� Silencer duplex oligoribonucleotides, or negative-control medium GC
duplex (ThermoFisher Scientific, Waltham, MA) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. The transfection mixture consisted of 200 pmol of siRNA
and 10 �l of Lipofectamine 2000 reagent. After 48 h, cells were transfected with poly I·C (2 �g)
(Sigma-Aldrich, St. Louis, MO), mock infected, or absorbed with rsT3D at an MOI of 100 PFU/cell at room
temperature for 1 h. Cells were harvested at 6 h for immunoblot analysis. The sequences for Stealth RNAi
siRNAs are as follows: MAVS sense, 5=-GGCUGAUCAAGUGACUCGAGUUUAU-3=; MAVS antisense, 5=-AUA
AACUCGAGUCACUUGAUCAGCC-3=; TLR3 sense, 5=-CCUGAUGAUCUUCCCUCUAACAUAA-3=; TLR3 anti-
sense, 5=-UUAUGUUAGAGGGAAGAUCAUCAGG-3=; RIGI sense, 5=-GGAAGUCAUGCAACAUAUCUGUAAA-
3=; RIGI antisense, 5=-UUUACAGAUAUGUUGCAUGGCUUCC-3=; MDA5 sense, 5=-CCGAACGGGAGAUUGUU
AAUGAUUU-3=; MDA5 antisense, 5=-AAAUCAUUAACAAUCUCCCGUUCGG-3=.
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