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Abstract: As with most viruses, mammalian reovirus can be recognized and attacked by the host-cell
interferon response network. Similarly, many viruses have developed resistance mechanisms to
counteract the host-cell response at different points of this response. Reflecting the complexity of
the interferon signaling pathways as well as the resulting antiviral response, viruses can—and often
have—evolved many determinants to interfere with this innate immune response and allow viral
replication. In the last few years, it has been evidenced that mammalian reovirus encodes many
different determinants that are involved in regulating the induction of the interferon response or in
interfering with the action of interferon-stimulated gene products. In this brief review, we present
our current understanding of the different reovirus proteins known to be involved, introduce their
postulated modes of action, and raise current questions that may lead to further investigations.
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1. Introduction

Mammalian Orthoreoviruses, hereafter referred to as “reovirus”, are members of the Reoviridae
family of viruses harboring a segmented double-stranded RNA genome. The reovirus has attracted
a lot of attention in the last few years, since it is currently under study as a possible oncolytic agent.
The interferon response appears quite relevant in this context, since cancer cells are often devoid of this
pathway or altered in the response induced [1–3].

In this review, we mainly focus on what is currently known about the viral determinants that
reovirus has developed to counteract the interferon response at different levels. We first briefly
examine the reovirus multiplication cycle leading to the synthesis of viral nucleic acids that could be
detected by the cells and how this could lead to induction of the antiviral response and the probable
interferon-induced antiviral products involved. Then, each reovirus protein that is currently known
as affecting either this induction or the sensitivity of the virus to the resulting antiviral response is
examined in detail. Part of this manuscript was presented in French by D.L. as partial fulfillment for
the MSc degree in Microbiology and Immunology at Université de Montréal.

2. Brief Overview of Reovirus Multiplication Cycle

Herein, we briefly present the aspects that are most pertinent in the context of the interferon
response to reovirus. The readers are invited to consult an extensive book chapter on the whole viral
multiplication cycle in [4] for further details.
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2.1. Virus Entry in the Host Cell

Reovirus is a non-enveloped virus with a capsid made of two concentric layers of proteins.
The viral particles can bind to the host cell, generally by means of its trimeric spike protein σ1.
This cell-binding viral protein interacts with a first glycan receptor—sialic acid in most commonly used
serotype 3 strains, such as the Dearing strain. Binding to a protein receptor of higher affinity, such as
junctional adhesion molecule (JAM-A), on epithelial cells generally follows, although other receptors
can be found on other cell types. Consecutive to host-cell binding, the viral particle is internalized,
and the outer capsid is gradually digested, generating intermediates known as infectious subviral
particles (ISVPs) and allowing the viral particle to cross the endosomal membrane. Infectious subviral
particles can also infect cells by an entry route bypassing the requirement for endocytosis. Ultimately,
either entry route is followed by the release of the inner capsid, known as the core structure, in the
cytoplasm. It is this last form of the viral particle that is transcriptionally active and results in the
synthesis of viral mRNA to pursue the multiplication cycle. For a more thorough review on early
events related to viral entry, the reader is referred to some excellent reviews [5–8].

2.2. Transcription, Translation, and Replication of the Viral Genome

The core in the cytoplasm of the infected cell is responsible for viral mRNA synthesis and capping.
The newly synthesized mRNA is extruded through turrets at the surface of the viral core and translated
by the host-cell machinery to generate all viral proteins, eight structural proteins and four nonstructural
ones. Each of the ten genomic segment encodes one protein except for the M3 (µNS and µNSC
from two in-frame initiation codons) and S1 (σ1 and σ1s from two initiation codons in two different
reading frames). Viral factories are produced in the infected cells where assembly of the progeny viral
cores proceeds. Although details on the mechanisms of nucleic acids packaging are still somehow
controversial, the current model indicates that one copy of each of the ten mRNA is packaged before
synthesis of the complementary strand to generate the viral double-stranded RNA (dsRNA) genome.
The outer capsid is then added, coinciding with the arrest of transcriptional activity. For a detailed
review on transcription and translation during the viral multiplication cycle, the reader is referred to a
recent review [9].

3. Reovirus and the Interferon Signaling Network

Considering its mode of entry in the cell, it is postulated that reovirus genetic material could
be recognized by various sensors of the innate immune response in order to activate the interferon
response. In the present review, we focus on the role of viral proteins in the control of the interferon
response and the ultimate impact on interferon sensitivity of the virus. However, it seems appropriate
to briefly describe first how the cells recognize reovirus infection to initiate the response; this is also
summarized in Figure 1.

A virus possessing a dsRNA genome, such as reovirus, could theoretically be recognized inside the
endosomes by Toll-like-receptors-3 (TLR3) [10]. In the cytoplasm, viral RNA could also be detected by
RIG-I-like receptors (RLRs). In fact, it was shown that the reovirus genome by itself can be recognized
by both RIG-I and MDA5 [11]. These were described as being able to recognize double-stranded RNA
of different lengths, or harboring different 5’ ends [12,13]. It is not clear if such dsRNA molecules
could actually become available for recognition by the sensors during the viral replication cycle;
although possible leakage of the viral genome from the viral particle has been proposed in the past [14],
it does not seem that there is clear experimental evidence to support this idea. Diphosphorylated
5’-ends present on the minus strand of the viral dsRNA genome are also a potent pathogen-associated
molecular pattern (PAMP) recognized by RIG-I [13]; however, again, it is not clear if these ends are
actually exposed in the infected cells under normal infection conditions.
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Figure 1. Putative mechanisms of recognition of reovirus by the interferon signaling network.
As described in the text, different cellular proteins (TLR3, DHX33, RIGI, MDA5, IFIT1) are suspected to
recognize either the viral double-stranded RNA genome (dsRNA) or different forms of incompletely
capped mRNA generated by transcription of the viral genome. Following this recognition, adaptor
molecules and signaling events, some of them only partly understood, result in increased transcription
of interferon and ultimately interferon-stimulated genes (not shown on this figure).

Another potentially important aspect for sensor recognition is the presence or the absence of a
cap structure that could protect the viral mRNA against recognition as non-self RNA. In particular,
the 2’-O methylation of the first nucleotide on the mRNA chain is clearly of importance as an evasion
mechanism by viruses to escape the antiviral innate immune response. In fact, when various viruses
lose this function, they become more sensitive to detection by the innate immune response or to the
antiviral effect of this response. This is exerted through the action of interferon-stimulated factors,
mainly due to the action of IFIT proteins [15–19]. Interestingly, it has been reported that part of viral
mRNA is devoid of a cap structure late in infection, rather harboring a monophosphate end, although
the transient presence of a diphosphorylated end is possible [20–22] (for a recent review on reovirus
mRNA structure and synthesis, see [9]). Finally, in the related rotavirus, it was more recently shown
that a fraction of the RNA is not completely capped, and this seems to be responsible for recognition
by the sensor RIG-I [23].

Interestingly, different experimental evidence indicates that virions and ISVPs differ in their ability
to induce the interferon response [24–26]. Virions do appear as stronger inducers, and differences
between viral strains could be at least partly abolished when cells are infected by ISVPs rather than
virions, suggesting that early uncoating events are somehow involved in determining the extent
of interferon induction. Direct transfection of viral cores was also shown to abolish differences in
interferon induction between different serotypes; some of these data were interpreted as an indication
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that differences in viral genome “delivery” are involved in induction of interferon [26], although the
exact underlying mechanism remains elusive.

Expression of interferon-stimulated genes (ISGs) is strongly reduced in cells that lack both RIG-I
and MDA5 [11]. RIG-I seems especially important in the context of infection [11,13,27–29]. Nevertheless,
although these studies suggest that the role of TLR3 is likely marginal compared to that of RIG-I,
it might not be the case in all cell types [30,31]. Moreover, differences in the specific properties of viral
strains used in these studies could explain some apparently divergent results. Finally, the helicase
DHX33 was suggested as a possible additional sensor in myeloid dendritic cells [32]. Clearly, additional
work using cells and viruses harboring specific changes in the same genetic background are needed to
fully comprehend the likely multiple viral and cellular determinants underlying reovirus sensing by
the host cells.

4. Cellular Antiviral Interferon-Stimulated Genes Involved in Reovirus Resistance

The dsRNA-dependent protein kinase (PKR), also known as eIF2AK2 (or alpha, α) kinase, is the
most clearly established product of an interferon-stimulated gene to be involved in reovirus resistance
upon interferon treatment [33]. The antiviral effect of PKR on reovirus has also been the topic of
extensive reviews in the past [34–36]. Once its expression is induced by interferon, PKR is activated by
RNA (either double-stranded or single-stranded with extensive secondary structure) and can inhibit
protein synthesis due to phosphorylation of the alpha subunit of translation initiation factor 2 (for a
review of PKR antiviral function, see [37,38]). PKR is also likely involved in the inhibition of host-cell
protein synthesis during viral infection, a phenomenon that is not necessarily directly due to the
interferon response [39]. Also, other evidence indicates that a certain level of PKR activity could be
beneficial to reovirus replication [40]. The complex role of PKR in reovirus replication has also been
recently reviewed [9]. Finally, the true importance of PKR and the required level to achieve a balance
between its negative and its positive effects on viral replication may well vary among cell types [41].

There have been few reports indicating that other known ISGs can exert an effect on reovirus
replication at different stages of the viral replication cycle. In fact, it has been shown that the 2’-5’A
activator of RNase L is found in some reovirus-infected cells [42]. Cleaved RNA, most likely due to
the activation of RNase L, is also found in these cells. Furthermore, recent data indicate that RNase L
has an important role in regulating PKR activity [43]. The myxovirus resistance protein 1 (known as
Mx1 or MxA), a well-known ISG, was also shown to be able to strongly affect reovirus replication [44].
However, its role in the context of the interferon response per se was not directly examined, for example,
by looking at its effect on viral replication following interferon treatment. Also, although their effect
appears somewhat limited, both the interferon-inducible transmembrane protein IFTM3 and the
enzyme cholesterol-25-hydroxylase were reported to affect viral entry following endocytosis at the level
of the endosomal compartment. As a result, only virions are affected, while ISVPs are resistant [45,46].

Altogether, it thus appears that multiple interferon-induced antiviral proteins could exert an effect
against reovirus. Interestingly, these different ISGs were shown to be up-regulated at both the mRNA
and the protein levels in infected cells [47,48]. Some of these are likely to be somewhat specific to some
cell types, and a combination of more than one of these antiviral proteins is probably involved in the
final effect of interferon in any given cell types.

5. Viral Inhibition of the Antiviral Interferon Network

In response to the cellular defense mechanisms, many viruses encode proteins whose function is
to protect them against the cellular antiviral response, especially the response related to the interferon
signaling network. A complete description is beyond the scope of the present review, and the reader is
referred to many recent and excellent reviews of the topic [49–54].

Briefly, one can envision three different overall strategies that a virus could use to interfere with the
pathways of the interferon antiviral network. Firstly, the virus could protect itself against recognition
by the host cell’s sensors, thus preventing induction of the response. Secondly, the virus could interfere
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with adaptor molecules involved in the interferon response network, either directly or by inhibiting
their signaling. Finally, the virus could interfere with either recognition by the interferon-stimulated
antiviral gene products (ISGs) or interfere with the action of one or more of these gene products.

6. Reovirus Proteins Involved in the Control of the Interferon Response

Considering the previous observations of the many sensors and ISGs potentially involved in the
antiviral effect of interferon on reovirus, it was somehow expected that more than one viral protein
could be involved in the control of the interferon response. While, for some of these proteins, the mode
of action is relatively well-known, for others, additional work is necessary to better comprehend their
mode of action. These different reovirus proteins are each briefly reviewed for their probable role in
either the control of induction of the interferon response or the sensitivity of the virus to this response.
For the sake of simplicity, the location and the function of reovirus proteins are summarized in Table 1.
Their functions, if any, in the control of the interferon response are summarized in Table 2.

Table 1. Biochemical and biological properties of reovirus proteins.

Location in
Virion Biochemical Activity Other Properties

λ1 Inner capsid
Helicase
NTPase

RNA triphosphatase

λ2 Trans-capsid Guanylyltransferase
Methyltransferase (mRNA capping) Presence in stress granules.

λ3 Inner capsid RNA polymerase
(transcription and replication)

µ1 Outer capsid
Forms pores in endosomes.

Forms heterohexamers with σ3.
Role in cellular apoptosis.

µ2 Inner capsid
Helicase
NTPase

RNA triphosphatase

Binds to microtubules.
Affects factory morphology.
Partial nuclear distribution.
Affects genome packaging?

µNS Non-structural Major component of factories.
Scaffold for core assembly.

µNSC Non-structural

σ1 Outer capsid Possible glycosidase activity Host-cell binding moieties.
Forms a homotrimer.

σ1s Non-structural
Partial nuclear distribution.

Role in cell cycle arrest.
Increases viral proteins synthesis.

σ2 Inner capsid dsRNA binding

σ3 Outer capsid dsRNA binding

Forms homodimer.
Forms heterohexamers with µ1.

Possible nuclear presence.
Stimulates translation of late viral mRNA?

σNS Non-structural RNA binding
Probable RNA chaperone Role in formation of viral inclusions

Table 2. Reovirus proteins involved in the control of the interferon response.

Role in Induction Role in Sensitivity Nuclear Presence Postulated Mechanism

λ2 No Yes No 2’O-methylation of viral mRNA

λ1 Yes No No ATPase activity?
RNA capping?

µ2 Yes Yes Yes nuclear trapping of IRF9
µNS Yes ? No inclusion trapping of IRF3
σ1s No Yes Yes cell cycle arrest?
σ3 No? Yes Yes? PKR inhibition by dsRNA binding

PKR: dsRNA-dependent protein kinases.
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6.1. The σ3 Protein

The σ3 protein (encoded by the S4 gene), a major component of the outer viral capsid, has long been
proposed to exert an important role in reovirus’s control of the interferon response, more specifically at
the level of sensitivity to the interferon-induced dsRNA-dependent protein kinases (PKR) (previously
reviewed in [9,34,35,55]). The σ3 protein possesses a long-known ability to bind double-stranded RNA.
In addition to being an inducer of the interferon response, as discussed in Section 3, double-stranded
RNA also allows dimerization of PKR, resulting in activation of its activity (for a review of PKR activity
and function, see, among others, [37,38]). This sequestration of dsRNA by σ3 should thus interfere
with recognition of the viral genetic material by PKR or other cellular determinants that possess an
affinity for dsRNA, such as RIG-I and MDA. This interference with PKR action thus allows the cell to
pursue synthesis of the viral proteins in the infected cell.

An 85 amino acids long domain in the carboxyl-terminal portion of σ3 encompassing two basic
amino acids motifs was initially identified in biochemical assays as being responsible for the binding
to viral RNA [56–59] (also reviewed in [9,34,35,55]). Later on, the structure of σ3 was determined by
X-ray crystallography and revealed that the protein can form a dimer by itself [60]. The σ3 protein
also interacts with µ1 to form the heterohexamer that makes the bulk part of the outer capsid [61].
More recent data confirmed the existence of the σ3 dimer in infected cells as well as the transition
from dimer to heterohexamer due to the action of the cellular chaperone TriC [62]. This suggests a
transition from the regulatory role of σ3 through its binding to dsRNA to the structural role exerted by
the σ3-µ1 heterohexamer. It should also be stressed that a great deal of experimental evidence has
already shown that the binding of σ3 to RNA or to µ1 is mutually exclusive [24,63,64]. A second model
for the binding of σ3 to dsRNA was thus proposed, wherein the basic surface formed by the dimer
form of σ3 is responsible for the binding rather than binding to the two basic domains of a single σ3
monomer [55,60]. Interestingly, some critical residues, such as lysine 293, are included in both the basic
amino acids motifs and the basic surface of the homodimer and are thus common to both models.

During reovirus infection, stable levels of σ3 are eventually reached, while a gradual decline in
the proportion of σ3 that is bound to dsRNA is observed at later times in infection [65]. This further
support the idea that the role of σ3 early in infection would be to sequester dsRNA, thus limiting PKR
activation. Dissociation from dsRNA and association with µ1 occurs later, depending on chaperone
activity, in order to form the outer capsid of newly assembled virions. Interestingly, it has also been
observed that the extent of co-localization between σ3 and µ1 in infected cells varies between viral
isolates and correlates with increased inhibition of host-cell protein synthesis [66]. This was interpreted
as an increased activity of PKR when σ3 is bound to µ1, thus resulting in protein synthesis inhibition,
again consistent with the model, even though the role of PKR in inhibition of host-cell protein synthesis
remains debated (for a recent review of this aspect, see [9]).

Different studies have shown the ability of σ3 to replace the protein involved as the
interferon-controlling determinant in different viruses and thus complement these viruses that are
otherwise defective [67–70]. However, in most cases, these experiments examined the ability of σ3 to
complement virus replication, an effect that was attributed to inhibition of the interferon response.
Interferon induction or viral resistance to interferon treatment was not directly examined in these
studies, raising doubts to their true significance in the context of interferon response as such. At this
point, the importance of σ3 in the control of interferon response in reovirus-infected cells thus remains
to be directly demonstrated. The introduction of plasmid-based reverse genetics [71] (reviewed
in [72,73]) could first allow to clarify the nature of the amino acid motifs involved in the binding of σ3
to dsRNA binding in reovirus-infected cells. Thereafter, the importance of this binding in the control
of interferon induction and/or sensitivity to interferon could be more clearly examined using viruses
harboring relevant amino acids substitutions of σ3 in the same genetic background.
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6.2. The µ2 Protein

The µ2 protein (encoded by the M1 gene and found in the inner viral core) was first shown to
be associated with induction of interferon type I α/β in cardiac myocytes as well as a concomitant
sensitivity of the virus to this antiviral response [74]. Subsequent studies have shown that the amino
acid at position 208 on µ2 is critical to repressing interferon signaling pathways. If proline is found at
this position, as is the case on serotype 1 Lang (T1L) virus strain, induction of the interferon pathway
is repressed; on the contrary, a serine at this same position, as in serotype 3 Dearing strains (T3D),
abolishes this effect [74,75]. The µ2 protein is, in fact, able to alter the activity of the IRF9 transcription
factor (interferon response factor 9) by inducing its unusual accumulation in the cell nucleus [76].
Interestingly, recent work also showed the polymorphism of µ2 at amino acid 208 among T3D virus
stocks of different laboratories is partly responsible for the difference in interferon response between
these stocks [77]. The exact reason for the importance of this amino acid remains to be determined,
considering that it alters multiple properties of the protein, such as association with microtubules,
as described below.

In addition, although three reovirus proteins harbor an immunoreceptor tyrosine-based activation
(ITAM) motif, only that of µ2 (YXXLX9YXXL) is actually functional and appears responsible for NF-kB
activation, which could result in interferon induction in some cell types [78]. It remains to be established
if this alternative pathway leading to activated interferon network is more or less important than the
more classical pathway using IRF3 (Figure 1).

It is well known that the µ2 protein plays multiple roles during the viral multiplication cycle.
For example, it is known to be involved in the morphology of viral inclusions due to its interaction
with microtubules [79–81]. This property seems to modify the efficiency of viral particles assembly and
affects the percentage of infectious virions produced by infected cells [82,83]. Furthermore, µ2 can bind
RNA and has a 5’-RNA triphosphatase activity and thus probably plays a role in the synthesis of the cap
structure at the 5’ end of viral mRNA [84,85] (recently reviewed in [9]). It could be interesting to verify
if one or more of these different properties could be related to the control of the interferon response.
More recently, it was observed that reovirus infection could also affect the cellular mRNA alternative
splicing landscape [47]. It was proposed that the µ2 protein could be involved, since it interacts with
the SRSF2 splicing factor [86]. Since it has been shown that some viruses do negatively regulate the
interferon response through altered splicing events [87–89], this clearly deserves further study.

6.3. The µNS Protein

The non-structural protein µNS (encoded by the M3 gene) is both necessary and sufficient to form
viral inclusions or factories, where the virus replicates its genome and assembles new virions [90–92]
(recently reviewed in [93]). A recent study revealed that viral inclusions could help reovirus to avoid
the innate immune response of its host cell [94]. In fact, in infected cells, the IRF3 transcription factor
would be sequestered in cytoplasmic viral inclusions, thus interfering with induction of interferon.
This trapping of IRF3 by µNS would be directly linked to the ability of the viral protein to form
inclusions. When cells were infected with viruses harboring a µNS that was either truncated or
harboring substitutions to prevent the formation of viral inclusions, a significantly higher proportion
of IRF3 was found to be localized to the nucleus. This, in turn, promoted interferon production and
activation of signaling pathways leading to ISG synthesis [94].

Interestingly, viral inclusions were also recently reported to trap the stress granule protein
G3BP1 [95], while µNS was also found in stress granules during infection [96]. Stress granules are
likely to have an impact on the innate immune response, including control of PKR, although our overall
understanding remains limited (reviewed in [97,98]); most recent data suggest that G3BP1 can interact
with RIG-I to promote the interferon response [99]. It is thus possible that µNS could indirectly affect
the interferon response by promoting the formation of viral inclusions leading to trapping of G3BP1.
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6.4. The λ2 Protein

The λ2 protein (encoded by the L2 gene) is responsible for the formation of the transcapsid turrets,
cylindric structures each made of a homopentamer of the protein. These turrets allow anchoring of the
homotrimeric σ1 protein forming the cell-binding spikes at the surface of the viral particle. In addition
to this important structural role, the function of λ2 is largely enzymatic. This protein possesses a
guanylyltransferase as well as both methyltransferase 1 and 2 enzymatic activities [100,101]. A single
catalytic domain for guanylyltransferase activity and two putative methyltransferase domains were
identified on the crystallographic structure of the protein [102] (reviewed in [9]). These enzymatic
functions allow the synthesis of the cap structure at the 5’ end of viral messenger RNA. An initial study
using classical gene reassortment studies showed that differences in λ2 could be linked to different
sensitivity of the virus to IFN in murine cardiomyocytes [76]. More recently, the use of the reverse
genetics approach allowed to demonstrate that the increased interferon sensitivity phenotype observed
with a reovirus mutant was due to a single amino acid substitution in λ2 [103,104]. This substitution is
found in the first methyltransferase domain of the protein (amino acid 434 to 691)—more precisely,
at position 636. Due to this mutation being located in a methyltransferase domain, it was suggested
that this enzymatic function is altered in the mutant. This could prevent adequate capping of viral
mRNA, most probably the addition of the 2’-O-methyl group, an important determinant of interferon
sensitivity, as mentioned in Section 3.

Increased interferon sensitivity of the so-called T3DK variant (Kobayashi, from the laboratory of
Terence Dermody) of the wild-type virus compared to the T3DS variant (Sandekian, from the laboratory
of Guy Lemay) is also due in part to another difference in the λ2 protein; these two variants are due to
differences in the wild-type viral stocks from the two laboratories. The amino acid substitution on
λ2 is again found in the first methyltransferase domain at position 504 [77]. It is thus possible that
these two substitutions can exert a similar effect. However, the substitution at position 636 exerts an
effect by itself, while the 504 substitution requires an additional substitution in µ2 (the P208S change
already described in Section 6.2). Since the exact mechanistic impacts of substitutions in λ2 remain to
be established, it is also possible that these substitutions somehow affect the exit of the mRNA from
the core structure through the pentameric λ2 turret.

Additional studies are needed to confirm or infirm these hypotheses, especially since the role
of the first methyltransferase domain as either m7G or 2’-O methyltransferase remains somehow
controversial [100] (reviewed in [9]). It should be possible to examine transcription and the 5’ end of
the viral mRNA in order to determine if the amino acid substitution actually results in a change in
synthesis of mRNA or methylation of the cap structure.

6.5. The λ1 Protein

Even though the role ofλ1 in reovirus replication remains to be more firmly established, biochemical
studies have shown that this protein harbors a nucleic acid binding motif and possesses both a helicase
and 5’-RNA triphosphatase activity [85,105–108]. It is thus suggested that λ1 can be, among other
functions, involved in replication of the viral genome, its transcription, or synthesis of the mRNA
cap structure.

The strong interferon induction by the T3DK variant of the wild-type virus compared to T3DS

is not only due to polymorphism at amino acid 208 of µ2, as described in Section 6.2, but also to the
presence of a unique amino acid difference on λ1 (I500S). Additional work is needed to determine the
mechanism behind this effect of λ1 polymorphism. Is λ1 acting to dampen the interferon response,
as is believed to be the case for µ2, or is it somehow involved in inducing the interferon response to a
different extent depending on virus strains?

Interestingly, variations in the levels of ATPase activity have been observed between strains of
reovirus [109]. In fact, the T1L strain was shown to hydrolyze ATP more rapidly than T3D, and these
variations could be potentially due to one or more of five amino acid differences in λ1 between the two
strains [110]. Strikingly, while isoleucine is found at position 500 in the T3D strain used in this study,
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as in the T3DK variant, a serine is rather found in T1L, as in T3DS. This suggests the possibility that the
λ1 protein of T3DS is more active than that of T3DK and is similar to that of T1L; as a result, ATP levels
are reduced upon infection by T3DS compared to T3DK. A recently published study showed that
ATP can exert a protective effect on cells in the context of viral infection [111]. Despite the fact that
its exact mechanism of action in the context of viral infection remains unknown, studies suggest that
the ATP receptor, P2X7, is essential to innate immune response [112]. The extracellular ATP released
by infected cells could act as a danger signal and is active in vitro and in vivo against viruses such as
vesicular stomatitis virus, Newcastle disease virus, and herpes simplex virus by increasing β-interferon
production [111].

Altogether, these observations are consistent with the possibility that varying levels of interferon
induction upon infection could be due to differences in ATPase activity of λ1 of the viruses. It could be
interesting to determine if cells infected by T3DK do actually release more extracellular ATP than cells
infected by T3DS, as can be expected. Also, once again, since the λ1 protein was also proposed as a
putative RNA triphosphatase responsible for the first step in cap synthesis (as for µ2), it is possible that
cap synthesis is more efficient in T3DS than in T3DK. It should be noted that the ATPase activity and
the RNA triphosphate activity were assigned to the same catalytic site on the λ1 protein [107].

6.6. The σ1s protein

In the course of our work on the adaptation of reovirus to different host cells, the Vero cell-adapted
virus (VeroAV) was obtained [113–115]. Although the virus does not induce more interferon, it turned
out to be significantly more sensitive to interferon treatment. As mentioned above, a lower induction
of interferon was observed in the presence of proline at position 208 on µ2 and/or in the presence of
serine at position 500 on λ1. This was also observed for induction of various ISGs, such as ISG15, IFIT1,
and MX1 [48]. Amino acids sequence of both µ2 and λ1 proteins of VeroAV that were unchanged at
these critical amino acid positions compared to the parental virus was consistent with the low level of
induction of interferon observed, as with the parental virus.

Using plasmid-based reverse genetics, the interferon sensitivity phenotype of VeroAV was
attributed solely to one of the two nucleotide substitutions found in its S1 gene. This substitution was
responsible for both a Q78P amino acid change in σ1 and a N59H amino acid change in the small
σ1s protein encoded in the second overlapping reading frame of S1 [115]. The second substitution
observed in S1 resulted in a N198K amino acid change that was shown to be responsible for a better
infectivity, especially on Vero cells, due to increased binding to sialic acids at the cell surface [114].

Interestingly, a former study showed that a mutant obtained following reovirus adaptation
to murine erythroleukemia cells (MEL) also possessed two mutations in the S1 gene. In fact,
this MEL-adapted virus did not produce the σ1s protein due to the presence of the stop codon at the
start of the corresponding reading frame. The authors also noticed a second W202R amino acid change
on σ1 [116]. Amino acids at this last position, as well as those of position 198 of VeroAV, are both
part of the sialic acid binding domain [117,118]. It is thus tempting to speculate that introduction
of a basic amino acid in either N198K or the W202R substitution could result an increased affinity
of σ1 for sialic acid at the cell surface. This could somehow counterbalance the loss or the altered
functional properties of σ1s. In fact, the σ1s-N59H substitution of VeroAV by itself or the introduction
of a stop codon to abolish the expression of σ1s were both shown to decrease cell lysis of infected
L929 cells [115]. It should also be mentioned that, during the establishment of viral persistence on
Vero cells, the N198K substitution appeared before the Q78P/N59H substitution [113,114]. This could
be explained if an increased infectivity due to the N198K substitution of σ1 is a prerequisite to allow
subsequent changes altering the amount or the function of σ1s.

In accordance with the idea that σ1s could play a role in the ability of the virus to infect, a recent
study showed that it is required for optimal synthesis of viral proteins, thus allowing better viral
replication [119]. It was also observed that viral factories are altered upon infection by the knockout
mutant, resulting in reduced assembly of infectious virions. The authors of this study indicate that
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σ1s is not involved in the control of induction of type 1 interferon response. Levels of β-interferon
produced, as well as levels of STAT1, STAT2, and IFIT1 with the knockout virus mutant, were similar
to those observed upon infection with a wild-type virus. However, they did not directly examine
interferon sensitivity of the viruses. An absence of effect on induction of the interferon response upon
deletion of σ1s is, however, consistent with our own data, despite increased interferon sensitivity with
either the substitution mutant N59H or a complete knockout of σ1s [115].

The σ1s protein is responsible for G2/M cell cycle arrest observed in some viral strains [120,121].
Interestingly, recent data indicate a link between cell cycle arrest at G2/M and reduced interferon
sensitivity of different viruses due to reduced induction of interferon-stimulated genes [122]. There is
thus a possibility that σ1s interferes indirectly with the antiviral action of interferon by inducing the
G2/M cell cycle arrest. However, a virus mutant defective in the ability to induce the cell cycle arrest
was shown to be more resistant to interferon in vitro while being attenuated in vivo [121]. Clearly,
once again, studies using isogenic viruses solely differing in σ1s should be undertaken. This should
clarify if there is actually a functional link between cell cycle arrest and the interferon response in the
context of reovirus infection both in vitro and in vivo.

7. Conclusions

In the last decade, progress in sequencing technology, site-directed mutagenesis, and the advent
of plasmid-based reverse genetics has allowed the identification of molecular determinants of various
phenotypic properties of reovirus. Classical genetics approaches to select viruses with distinct
phenotypes combined with plasmid-based reverse genetics to identify and further study the molecular
determinants involved have been instrumental in most of our recent progress. In this short review,
emphasis was put on the recent identification of multiple reovirus determinants of induction and
sensitivity to the antiviral interferon response. The apparent multiplicity of viral proteins involved is
consistent with data obtained in the last few years with such diverse viruses as influenza, rotavirus,
hepatitis C, and vesicular stomatitis virus, among others [123–127]. It appears that the control of the
interferon response is somehow shaping the whole viral genome. In some cases, it has been shown
that removal of the selective pressure conferred by the antiviral interferon network results in an overall
reconfiguration of the viral genome, likely toward more effective viral replication or transmission.

Further work is clearly needed to understand the exact mode of action of the different reovirus
proteins in different cell types, as well as in vivo, in order to better comprehend the real importance of
these various viral determinants in viral replication and pathogenesis. A summary of the different
reovirus proteins involved in either the control of induction of or the sensitivity to the antiviral
interferon response as well as their putative mode of action is presented in Table 2. As described in
this brief review, various mutants have been obtained that differ in either induction of or sensitivity
to the interferon response. These will be very useful to pursue the study of interferon response.
In addition, the powerful tool of reverse genetics could be used to further combine various viral
determinants in these studies. In addition to a gain in fundamental understanding, these studies
could likely contribute to better adaptation of the virus toward different cell types as a virotherapeutic
oncolytic agent [128–130].

Author Contributions: Writing—original draft preparation, D.L. and G.L.; writing—review and editing, D.L.,
S.B., M.B. and G.L.

Funding: The work performed in the laboratories of the authors was supported by a grant from the Natural Sciences
and Engineering Research Council of Canada to M.B. (RGPIN-2016-03916) and to G.L. (RGPIN/03736-2017). Partial
financial support to D.L. was obtained from the “Faculté des études supérieures” of “Université de Montréal” and
S.B. was supported by a Vanier Canada graduate scholarship from the Canadian Institutes of Health Research
(CIHR).

Acknowledgments: The authors wish to thank all staff, and numerous students and trainees who participated in
the work carried out in their laboratories over the years. We wish to apologize to all colleagues whose work could
not be cited due to lack of space and invite them to communicate with us to signal any important aspects that may
have been overlooked.



Pathogens 2019, 8, 83 11 of 17

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the writing of the
manuscript, or in the decision to publish.

References

1. Matveeva, O.V.; Chumakov, P.M. Defects in interferon pathways as potential biomarkers of sensitivity to
oncolytic viruses. Rev. Med. Virol. 2018, 28, e2008. [CrossRef] [PubMed]

2. Katsoulidis, E.; Kaur, S.; Platanias, L.C. Deregulation of interferon signaling in malignant cells. Pharmaceuticals
2010, 3, 406–418. [CrossRef] [PubMed]

3. Stojdl, D.F.; Lichty, B.D.; tenOever, B.R.; Paterson, J.M.; Power, A.T.; Knowles, S.; Marius, R.; Reynard, J.;
Poliquin, L.; Atkins, H.; et al. VSV strains with defects in their ability to shutdown innate immunity are
potent systemic anti-cancer agents. Cancer Cell 2003, 4, 263–275. [CrossRef]

4. Dermody, T.S.; Parker, J.S.L.; Sherry, B. Orthoreoviruses. In Field’s Virology; Knipe, D.M., Howley, P.M., Eds.;
Lippincott, Williams and Wilkins: Philapelphia, PA, USA, 2013; pp. 1304–1346.

5. Danthi, P.; Guglielmi, K.M.; Kirchner, E.; Mainou, B.; Stehle, T.; Dermody, T.S. From touchdown to
transcription: The reovirus cell entry pathway. Curr. Top. Microbiol. Immunol. 2010, 343, 91–119. [CrossRef]
[PubMed]

6. Mainou, B.A.; Dermody, T.S. In search of cathepsins: How reovirus enters host cells. DNA Cell Biol. 2012, 31,
1646–1649. [CrossRef]

7. Mainou, B.A. The orchestra of reovirus cell entry. Curr. Clin. Microbiol. Rep. 2017, 4, 142–149. [CrossRef]
8. Sutherland, D.M.; Aravamudhan, P.; Dermody, T.S. An orchestra of reovirus receptors: Still searching for the

conductor. Adv. Virus Res. 2018, 100, 223–246. [CrossRef]
9. Lemay, G. Synthesis and translation of viral mRNA in reovirus-infected cells: Progress and remaining

questions. Viruses 2018, 10, 671. [CrossRef]
10. Alexopoulou, L.; Holt, A.C.; Medzhitov, R.; Flavell, R.A. Recognition of double- stranded RNA and activation

of NF-kappaB by Toll-like receptor 3. Nature 2001, 413, 732–738. [CrossRef]
11. Loo, Y.M.; Fornek, J.; Crochet, N.; Bajwa, G.; Perwitasari, O.; Martinez-Sobrido, L.; Akira, S.; Gill, M.A.;

Garcia-Sastre, A.; Katze, M.G.; et al. Distinct RIG-I and MDA5 signaling by RNA viruses in innate immunity.
J. Virol. 2008, 82, 335–345. [CrossRef]

12. Kato, H.; Takeuchi, O.; Mikamo-Satoh, E.; Hirai, R.; Kawai, T.; Matsushita, K.; Hiiragi, A.; Dermody, T.S.;
Fujita, T.; Akira, S. Length-dependent recognition of double-stranded ribonucleic acids by retinoic
acid-inducible gene-I and melanoma differentiation-associated gene 5. J. Exp. Med. 2008, 205, 1601–1610.
[CrossRef] [PubMed]

13. Goubau, D.; Schlee, M.; Deddouche, S.; Pruijssers, A.J.; Zillinger, T.; Goldeck, M.; Schuberth, C.; Van der
Veen, A.G.; Fujimura, T.; Rehwinkel, J.; et al. Antiviral immunity via RIG-I-mediated recognition of RNA
bearing 5’-diphosphates. Nature 2014, 514, 372–375. [CrossRef] [PubMed]

14. Henderson, D.R.; Joklik, W.K. The mechanism of interferon induction by UV-irradiated reovirus. Virology
1978, 91, 389–406. [CrossRef]

15. Daffis, S.; Szretter, K.J.; Schriewer, J.; Li, J.; Youn, S.; Errett, J.; Lin, T.Y.; Schneller, S.; Zust, R.; Dong, H.; et al.
2′-O methylation of the viral mRNA cap evades host restriction by IFIT family members. Nature 2010, 468,
452–456. [CrossRef] [PubMed]

16. Zust, R.; Cervantes-Barragan, L.; Habjan, M.; Maier, R.; Neuman, B.W.; Ziebuhr, J.; Szretter, K.J.; Baker, S.C.;
Barchet, W.; Diamond, M.S.; et al. Ribose 2′-O-methylation provides a molecular signature for the distinction
of self and non-self mRNA dependent on the RNA sensor Mda5. Nat. Immunol. 2011, 12, 137–143. [CrossRef]
[PubMed]

17. García-Sastre, A. 2 methylate or not 2 methylate: Viral evasion of the type I interferon response. Nat. Immunol.
2011, 12, 114–115. [CrossRef] [PubMed]

18. Diamond, M.S. IFIT1: A dual sensor and effector molecule that detects non-2′-O methylated viral RNA and
inhibits its translation. Cytokine Growth Factor Rev. 2014, 25, 543–550. [CrossRef]

19. Hyde, J.L.; Diamond, M.S. Innate immune restriction and antagonism of viral RNA lacking 2′-O methylation.
Virology 2015, 479-480, 66–74. [CrossRef]

20. Skup, D.; Millward, S. mRNA capping enzymes are masked in reovirus progeny subviral particles. J. Virol.
1980, 34, 490–496.

http://dx.doi.org/10.1002/rmv.2008
http://www.ncbi.nlm.nih.gov/pubmed/30209859
http://dx.doi.org/10.3390/ph3020406
http://www.ncbi.nlm.nih.gov/pubmed/27713259
http://dx.doi.org/10.1016/S1535-6108(03)00241-1
http://dx.doi.org/10.1007/82_2010_32
http://www.ncbi.nlm.nih.gov/pubmed/20397070
http://dx.doi.org/10.1089/dna.2012.1868
http://dx.doi.org/10.1007/s40588-017-0067-5
http://dx.doi.org/10.1016/bs.aivir.2017.10.005
http://dx.doi.org/10.3390/v10120671
http://dx.doi.org/10.1038/35099560
http://dx.doi.org/10.1128/JVI.01080-07
http://dx.doi.org/10.1084/jem.20080091
http://www.ncbi.nlm.nih.gov/pubmed/18591409
http://dx.doi.org/10.1038/nature13590
http://www.ncbi.nlm.nih.gov/pubmed/25119032
http://dx.doi.org/10.1016/0042-6822(78)90386-0
http://dx.doi.org/10.1038/nature09489
http://www.ncbi.nlm.nih.gov/pubmed/21085181
http://dx.doi.org/10.1038/ni.1979
http://www.ncbi.nlm.nih.gov/pubmed/21217758
http://dx.doi.org/10.1038/ni0211-114
http://www.ncbi.nlm.nih.gov/pubmed/21245900
http://dx.doi.org/10.1016/j.cytogfr.2014.05.002
http://dx.doi.org/10.1016/j.virol.2015.01.019


Pathogens 2019, 8, 83 12 of 17

21. Zarbl, H.; Skup, D.; Millward, S. Reovirus progeny subviral particles synthesize uncapped mRNA. J. Virol.
1980, 34, 497–505.

22. Skup, D.; Zarbl, H.; Millward, S. Regulation of translation in L-cells infected with reovirus. J. Mol. Biol. 1981,
151, 35–55. [CrossRef]

23. Uzri, D.; Greenberg, H.B. Characterization of rotavirus RNAs that activate innate immune signaling through
the RIG-I-like receptors. PLoS ONE 2013, 8, e69825. [CrossRef] [PubMed]

24. Bergeron, J.; Mabrouk, T.; Garzon, S.; Lemay, G. Characterization of the thermosensitive ts453 reovirus
mutant: Increased dsRNA binding of σ3 protein correlates with interferon resistance. Virology 1998, 246,
199–210. [CrossRef] [PubMed]

25. Stanifer, M.L.; Rippert, A.; Kazakov, A.; Willemsen, J.; Bucher, D.; Bender, S.; Bartenschlager, R.; Binder, M.;
Boulant, S. Reovirus intermediate subviral particles constitute a strategy to infect intestinal epithelial cells
by exploiting TGF-β dependent pro-survival signaling. Cell. Microbiol. 2016, 18, 1831–1845. [CrossRef]
[PubMed]

26. Stuart, J.D.; Holm, G.H.; Boehme, K.W. Differential delivery of genomic double-stranded RNA causes
reovirus strain-specific differences in interferon regulatory factor 3 activation. J. Virol. 2018, 92, e01947-17.
[CrossRef] [PubMed]

27. Holm, G.H.; Zurney, J.; Tumilasci, V.; Leveille, S.; Danthi, P.; Hiscott, J.; Sherry, B.; Dermody, T.S. Retinoic
acid-inducible gene-I and interferon-β promoter stimulator-1 augment proapoptotic responses following
mammalian reovirus infection via interferon regulatory factor-3. J. Biol. Chem. 2007, 282, 21953–21961.
[CrossRef] [PubMed]

28. Shmulevitz, M.; Pan, L.-Z.; Garant, K.; Pan, D.; Lee, P.W.K. Oncogenic Ras promotes reovirus spread
by suppressing IFN-β production through negative regulation of RIG-I signaling. Cancer Res. 2010, 70,
4912–4921. [CrossRef]

29. Edelmann, K.H.; Richardson-Burns, S.; Alexopoulou, L.; Tyler, K.L.; Flavell, R.A.; Oldstone, M.B.A. Does
Toll-like receptor 3 play a biological role in virus infections? Virology 2004, 322, 231–238. [CrossRef]

30. Katayama, Y.; Tachibana, M.; Kurisu, N.; Oya, Y.; Terasawa, Y.; Goda, H.; Kobiyama, K.; Ishii, K.J.; Akira, S.;
Mizuguchi, H.; et al. Oncolytic reovirus inhibits immunosuppressive activity of myeloid-derived suppressor
cells in a TLR3-dependent manner. J. Immunol. 2018, 200, 2987–2999. [CrossRef]

31. Maitra, R.; Augustine, T.; Dayan, Y.; Chandy, C.; Coffey, M.; Goel, S. Toll like receptor 3 as an
immunotherapeutic target for KRAS mutated colorectal cancer. Oncotarget. 2017, 8, 35138–35153. [CrossRef]

32. Liu, Y.; Lu, N.; Yuan, B.; Weng, L.; Wang, F.; Liu, Y.-J.; Zhang, Z. The interaction between the helicase DHX33
and IPS-1 as a novel pathway to sense double-stranded RNA and RNA viruses in myeloid dendritic cells.
Cell. Mol. Immunol. 2014, 11, 49–57. [CrossRef] [PubMed]

33. Samuel, C.E.; Duncan, R.; Knutson, G.S.; Hershey, J.W. Mechanism of interferon action. Increased
phosphorylation of protein synthesis initiation factor eIF-2 alpha in interferon-treated, reovirus-infected
mouse L929 fibroblasts in vitro and in vivo. J. Biol. Chem. 1984, 259, 13451–13457. [PubMed]

34. Jacobs, B.L.; Langland, J.O. Reovirus σ3 protein: dsRNA binding and inhibition of RNA-activated protein
kinase. Curr. Top. Microbiol. Immunol. 1998, 233, 185–196. [CrossRef] [PubMed]

35. Schiff, L.A. Reovirus capsid proteins σ3 and µ1: Interactions that influence viral entry, assembly, and
translational control. Curr. Top. Microbiol. Immunol. 1998, 233, 167–183. [PubMed]

36. Samuel, C.E. Reovirus and the interferon system. Curr. Top. Microbiol. Immunol. 1998, 233 Pt II, 125–145.
[CrossRef]

37. Dalet, A.; Gatti, E.; Pierre, P. Integration of PKR-dependent translation inhibition with innate immunity is
required for a coordinated anti-viral response. FEBS Lett. 2015, 589, 1539–1545. [CrossRef] [PubMed]

38. Garcia, M.A.; Gil, J.; Ventoso, I.; Guerra, S.; Domingo, E.; Rivas, C.; Esteban, M. Impact of protein kinase
PKR in cell biology: From antiviral to antiproliferative action. Microbiol. Mol. Biol. Rev. 2006, 70, 1032–1060.
[CrossRef] [PubMed]

39. Smith, J.A.; Schmechel, S.C.; Williams, B.R.G.; Silverman, R.H.; Schiff, L.A. Involvement of the
interferon-regulated antiviral proteins PKR and RNase L in reovirus-induced shutoff of cellular translation.
J. Virol. 2005, 79, 2240–2250. [CrossRef] [PubMed]

40. Smith, J.A.; Schmechel, S.C.; Raghavan, A.; Abelson, M.; Reilly, C.; Katze, M.G.; Kaufman, R.J.; Bohjanen, P.R.;
Schiff, L.A. Reovirus induces and benefits from an integrated cellular stress response. J. Virol. 2006, 80,
2019–2033. [CrossRef]

http://dx.doi.org/10.1016/0022-2836(81)90220-5
http://dx.doi.org/10.1371/journal.pone.0069825
http://www.ncbi.nlm.nih.gov/pubmed/23894547
http://dx.doi.org/10.1006/viro.1998.9188
http://www.ncbi.nlm.nih.gov/pubmed/9657939
http://dx.doi.org/10.1111/cmi.12626
http://www.ncbi.nlm.nih.gov/pubmed/27279006
http://dx.doi.org/10.1128/JVI.01947-17
http://www.ncbi.nlm.nih.gov/pubmed/29437975
http://dx.doi.org/10.1074/jbc.M702112200
http://www.ncbi.nlm.nih.gov/pubmed/17540767
http://dx.doi.org/10.1158/0008-5472.CAN-09-4676
http://dx.doi.org/10.1016/j.virol.2004.01.033
http://dx.doi.org/10.4049/jimmunol.1700435
http://dx.doi.org/10.18632/oncotarget.16812
http://dx.doi.org/10.1038/cmi.2013.40
http://www.ncbi.nlm.nih.gov/pubmed/24037184
http://www.ncbi.nlm.nih.gov/pubmed/6490660
http://dx.doi.org/10.1007/978-3-642-72092-5_9
http://www.ncbi.nlm.nih.gov/pubmed/9599927
http://www.ncbi.nlm.nih.gov/pubmed/9599926
http://dx.doi.org/10.1007/978-3-642-72095-6_7
http://dx.doi.org/10.1016/j.febslet.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/25979169
http://dx.doi.org/10.1128/MMBR.00027-06
http://www.ncbi.nlm.nih.gov/pubmed/17158706
http://dx.doi.org/10.1128/JVI.79.4.2240-2250.2005
http://www.ncbi.nlm.nih.gov/pubmed/15681426
http://dx.doi.org/10.1128/JVI.80.4.2019-2033.2006


Pathogens 2019, 8, 83 13 of 17

41. Zhang, P.; Samuel, C.E. Protein kinase PKR plays a stimulus- and virus-dependent role in apoptotic death
and virus multiplication in human cells. J. Virol. 2007, 81, 8192–8200. [CrossRef]

42. Nilsen, T.W.; Maroney, P.A.; Baglioni, C. Synthesis of (2′–5′)oligoadenylate and activation of an
endoribonuclease in interferon-treated HeLa cells infected with reovirus. J. Virol. 1982, 42, 1039–1045.
[PubMed]

43. Liu, C.-X.; Li, X.; Nan, F.; Jiang, S.; Gao, X.; Guo, S.-K.; Xue, W.; Cui, Y.; Dong, K.; Ding, H.; et al. Structure
and degradation of circular RNAs regulate PKR activation in innate immunity. Cell 2019, 177, 865–880.
[CrossRef] [PubMed]

44. Mundt, E. Human MxA protein confers resistance to double-stranded RNA viruses of two virus families.
J. Gen. Virol. 2007, 88, 1319–1323. [CrossRef] [PubMed]

45. Anafu, A.A.; Bowen, C.H.; Chin, C.R.; Brass, A.L.; Holm, G.H. Interferon-inducible transmembrane protein 3
(IFITM3) restricts reovirus cell entry. J. Biol. Chem. 2013, 288, 17261–17271. [CrossRef] [PubMed]

46. Doms, A.; Sanabria, T.; Hansen, J.N.; Altan-Bonnet, N.; Holm, G.H. 25-hydroxycholesterol production by
interferon stimulated gene cholesterol-25-hydroxylase restricts mammalian reovirus infection. J. Virol. 2018,
92, e01047-18. [CrossRef] [PubMed]

47. Boudreault, S.; Martenon-Brodeur, C.; Caron, M.; Garant, J.-M.; Tremblay, M.-P.; Armero, V.E.S.; Durand, M.;
Lapointe, E.; Thibault, P.; Tremblay-Létourneau, M.; et al. Global profiling of the cellular alternative RNA
splicing landscape during virus-host interactions. PLoS ONE 2016, 11, e0161914. [CrossRef] [PubMed]

48. Ezzati, P.; Komher, K.; Severini, G.; Coombs, K.M. Comparative proteomic analyses demonstrate enhanced
interferon and STAT-1 activation in reovirus T3D-infected HeLa cells. Front. Cell. Infect. Microbiol. 2015, 5, 30.
[CrossRef]

49. Hoffmann, H.-H.; Schneider, W.M.; Rice, C.M. Interferons and viruses: An evolutionary arms race of
molecular interactions. Trends Immunol. 2015, 36, 124–138. [CrossRef]

50. Fensterl, V.; Chattopadhyay, S.; Sen, G.C. No love lost between viruses and interferons. Annu. Rev. Virol.
2015, 2, 549–572. [CrossRef]

51. Schulz, K.S.; Mossman, K.L. Viral evasion strategies in type I IFN signaling—A summary of recent
developments. Front. Immun. 2016, 7, 498. [CrossRef]

52. Beachboard, D.C.; Horner, S.M. Innate immune evasion strategies of DNA and RNA viruses.
Curr. Opin. Microbiol. 2016, 32, 113–119. [CrossRef] [PubMed]

53. Chan, Y.K.; Gack, M.U. Viral evasion of intracellular DNA and RNA sensing. Nat. Rev. Microbiol. 2016, 14,
360–373. [CrossRef] [PubMed]

54. García-Sastre, A. Ten strategies of interferon evasion by viruses. Cell Host Microbe 2017, 22, 176–184. [CrossRef]
[PubMed]

55. Schiff, L.A. Structure and functions of the orthoreovirus σ3 protein. In Segmented Double-Stranded RNA Viruses:
Structure and Molecular Biology; Patton, J.T., Ed.; Caister Academic Press: Norfolk, UK, 2008; pp. 173–188.
ISBN 978-1-904455-21-9.

56. Wang, Q.; Bergeron, J.; Mabrouk, T.; Lemay, G. Site-directed mutagenesis of the double-stranded RNA
binding domain of bacterially-expressed σ3 reovirus protein. Virus Res. 1996, 41, 141–151. [CrossRef]

57. Mabrouk, T.; Danis, C.; Lemay, G. Two basic motifs of reovirus σ3 protein are involved in double-stranded
RNA binding. Biochem. Cell Biol. 1995, 73, 137–145. [CrossRef] [PubMed]

58. Denzler, K.L.; Jacobs, B.L. Site-directed mutagenic analysis of reovirus σ3 protein binding to dsRNA. Virology
1994, 204, 190–199. [CrossRef]

59. Miller, J.E.; Samuel, C.E. Proteolytic cleavage of the reovirus σ3 protein results in enhanced double-stranded
RNA-binding activity: Identification of a repeated basic amino acid motif within the C-terminal binding
region. J. Virol. 1992, 66, 5347–5356. [PubMed]

60. Olland, A.M.; Jané-Valbuena, J.; Schiff, L.A.; Nibert, M.L.; Harrison, S.C. Structure of the reovirus outer
capsid and dsRNA-binding protein σ3 at 1.8 Å resolution. EMBO J. 2001, 20, 979–989. [CrossRef]

61. Liemann, S.; Chandran, K.; Baker, T.S.; Nibert, M.L.; Harrison, S.C. Structure of the reovirus
membrane-penetration protein, µ1, in a complex with is protector protein, σ3. Cell 2002, 108, 283–295.
[CrossRef]

62. Knowlton, J.J.; de Castro, I.F.X.N.; Ashbrook, A.W.; Gestaut, D.R.; Zamora, P.F.; Bauer, J.A.; Forrest, J.C.;
Frydman, J.; Risco, C.; Dermody, T.S. The TRiC chaperonin controls reovirus replication through outer-capsid
folding. Nat. Microbiol. 2018, 3, 481–493. [CrossRef]

http://dx.doi.org/10.1128/JVI.00426-07
http://www.ncbi.nlm.nih.gov/pubmed/6178844
http://dx.doi.org/10.1016/j.cell.2019.03.046
http://www.ncbi.nlm.nih.gov/pubmed/31031002
http://dx.doi.org/10.1099/vir.0.82526-0
http://www.ncbi.nlm.nih.gov/pubmed/17374778
http://dx.doi.org/10.1074/jbc.M112.438515
http://www.ncbi.nlm.nih.gov/pubmed/23649619
http://dx.doi.org/10.1128/JVI.01047-18
http://www.ncbi.nlm.nih.gov/pubmed/29950420
http://dx.doi.org/10.1371/journal.pone.0161914
http://www.ncbi.nlm.nih.gov/pubmed/27598998
http://dx.doi.org/10.3389/fcimb.2015.00030
http://dx.doi.org/10.1016/j.it.2015.01.004
http://dx.doi.org/10.1146/annurev-virology-100114-055249
http://dx.doi.org/10.3389/fimmu.2016.00498
http://dx.doi.org/10.1016/j.mib.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27288760
http://dx.doi.org/10.1038/nrmicro.2016.45
http://www.ncbi.nlm.nih.gov/pubmed/27174148
http://dx.doi.org/10.1016/j.chom.2017.07.012
http://www.ncbi.nlm.nih.gov/pubmed/28799903
http://dx.doi.org/10.1016/0168-1702(96)01281-6
http://dx.doi.org/10.1139/o95-017
http://www.ncbi.nlm.nih.gov/pubmed/7576487
http://dx.doi.org/10.1006/viro.1994.1523
http://www.ncbi.nlm.nih.gov/pubmed/1501278
http://dx.doi.org/10.1093/emboj/20.5.979
http://dx.doi.org/10.1016/S0092-8674(02)00612-8
http://dx.doi.org/10.1038/s41564-018-0122-x


Pathogens 2019, 8, 83 14 of 17

63. Huismans, H.; Joklik, W.K. Reovirus-coded polypeptides in infected cells: Isolation of two native monomeric
polypeptides with affinity for single-stranded and double-stranded RNA, respectively. Virology 1976, 70,
411–424. [CrossRef]

64. Lemieux, R.; Lemay, G.; Millward, S. The viral protein σ3 participates in translation of late viral mRNA in
reovirus-infected L cells. J. Virol. 1987, 61, 2472–2479. [PubMed]

65. Yue, Z.; Shatkin, A.J. Double-stranded RNA-dependent protein kinase (PKR) is regulated by reovirus
structural proteins. Virology 1997, 234, 364–371. [CrossRef] [PubMed]

66. Schmechel, S.; Chute, M.; Skinner, P.; Anderson, R.; Schiff, L. Preferential translation of reovirus mRNA by a
σ3-dependent mechanism. Virology 1997, 232, 62–73. [CrossRef] [PubMed]

67. Kobayashi, T.; Antar, A.; Boehme, K.; Danthi, P.; Eby, E.; Guglielmi, K.; Holm, G.; Johson, E.; Maginnis, M.;
Naik, S.; et al. A plasmid-based reverse genetics system for animal double-stranded RNA viruses. Cell Host
Microbe 2007, 1, 147–157. [CrossRef]

68. Lemay, G. Inverse genetics in the study of reoviruses: Progress, obstacles and future developments. Virologie
2011, 15, 53–62. [CrossRef]

69. Stuart, J.D.; Phillips, M.B.; Boehme, K.W. Reverse genetics for mammalian orthoreovirus. Methods Mol. Biol.
2017, 1602, 1–10. [CrossRef]

70. Beattie, E.; Denzler, K.L.; Tartaglia, J.; Perkus, M.E.; Paoletti, E.; Jacobs, B.L. Reversal of the interferon-sensitive
phenotype of a vaccinia virus lacking E3L by expression of the reovirus S4 gene. J. Virol. 1995, 69, 499–505.

71. Lloyd, R.M.; Shatkin, A.J. Translational stimulation by reovirus polypeptide σ3: Substitution for VAI RNA
and inhibition of phosphorylation of the alpha subunit of eukaryotic initiation factor 2. J. Virol. 1992,
66, 6878–6884.

72. Gainey, M.D.; Dillon, P.J.; Clark, K.M.; Manuse, M.J.; Parks, G.D. Paramyxovirus-induced shutoff of host and
viral protein synthesis: Role of the P and V proteins in limiting PKR activation. J. Virol. 2008, 82, 828–839.
[CrossRef]

73. Spurgeon, M.E.; Ornelles, D.A. The adenovirus E1B 55-kilodalton and E4 open reading frame 6 proteins limit
phosphorylation of eIF2 during the late phase of infection. J. Virol. 2009, 83, 9970–9982. [CrossRef] [PubMed]

74. Sherry, B.; Torres, J.; Blum, M.A. Reovirus induction of and sensitivity to beta interferon in cardiac myocyte
cultures correlate with induction of myocarditis and are determined by viral core proteins. J. Virol. 1998, 72,
1314–1323. [PubMed]

75. Zurney, J.; Kobayashi, T.; Holm, G.H.; Dermody, T.S.; Sherry, B. Reovirus µ2 protein inhibits interferon
signaling through a novel mechanism involving nuclear accumulation of interferon regulatory factor 9.
J. Virol. 2009, 83, 2178–2187. [CrossRef] [PubMed]

76. Irvin, S.C.; Zurney, J.; Ooms, L.S.; Chappell, J.D.; Dermody, T.S.; Sherry, B. A single-amino-acid polymorphism
in reovirus protein µ2 determines repression of interferon signaling and modulates myocarditis. J. Virol.
2012, 86, 2302–2311. [CrossRef] [PubMed]

77. Lanoie, D.; Lemay, G. Multiple proteins differing between laboratory stocks of mammalian orthoreoviruses
affect both virus sensitivity to interferon and induction of interferon production during infection. Virus Res.
2018, 247, 40–46. [CrossRef] [PubMed]

78. Stebbing, R.E.; Irvin, S.C.; Rivera-Serrano, E.E.; Boehme, K.W.; Ikizler, M.; Yoder, J.A.; Dermody, T.S.;
Sherry, B.; Lyles, D.S. An ITAM in a nonenveloped virus regulates activation of NF-κB, induction of beta
interferon, and viral spread. J. Virol. 2014, 88, 2572–2583. [CrossRef] [PubMed]

79. Parker, J.S.; Broering, T.J.; Kim, J.; Higgins, D.E.; Nibert, M.L. Reovirus core protein µ2 determines the
filamentous morphology of viral inclusion bodies by interacting with and stabilizing microtubules. J. Virol.
2002, 76, 4483–4496. [CrossRef]

80. Eichwald, C.; Kim, J.; Nibert, M.L. Dissection of mammalian orthoreovirus µ2 reveals a self-associative
domain required for binding to microtubules but not to factory matrix protein µNS. PLoS ONE 2017, 12,
e0184356. [CrossRef]

81. Eichwald, C.; Ackermann, M.; Nibert, M.L. The dynamics of both filamentous and globular mammalian
reovirus viral factories rely on the microtubule network. Virology 2018, 518, 77–86. [CrossRef]

82. Ooms, L.S.; Jerome, W.G.; Dermody, T.S.; Chappell, J.D. Reovirus replication protein µ2 influences cell
tropism by promoting particle assembly within viral inclusions. J. Virol. 2012, 86, 10979–10987. [CrossRef]

http://dx.doi.org/10.1016/0042-6822(76)90282-8
http://www.ncbi.nlm.nih.gov/pubmed/3298685
http://dx.doi.org/10.1006/viro.1997.8664
http://www.ncbi.nlm.nih.gov/pubmed/9268168
http://dx.doi.org/10.1006/viro.1997.8531
http://www.ncbi.nlm.nih.gov/pubmed/9185589
http://dx.doi.org/10.1016/j.chom.2007.03.003
http://dx.doi.org/10.1684/vir.2011.0384
http://dx.doi.org/10.1007/978-1-4939-6964-7_1
http://dx.doi.org/10.1128/JVI.02023-07
http://dx.doi.org/10.1128/JVI.01113-09
http://www.ncbi.nlm.nih.gov/pubmed/19605483
http://www.ncbi.nlm.nih.gov/pubmed/9445032
http://dx.doi.org/10.1128/JVI.01787-08
http://www.ncbi.nlm.nih.gov/pubmed/19109390
http://dx.doi.org/10.1128/JVI.06236-11
http://www.ncbi.nlm.nih.gov/pubmed/22156521
http://dx.doi.org/10.1016/j.virusres.2018.01.009
http://www.ncbi.nlm.nih.gov/pubmed/29382551
http://dx.doi.org/10.1128/JVI.02573-13
http://www.ncbi.nlm.nih.gov/pubmed/24352448
http://dx.doi.org/10.1128/JVI.76.9.4483-4496.2002
http://dx.doi.org/10.1371/journal.pone.0184356
http://dx.doi.org/10.1016/j.virol.2018.02.009
http://dx.doi.org/10.1128/JVI.01172-12


Pathogens 2019, 8, 83 15 of 17

83. Shah, P.N.M.; Stanifer, M.L.; Hohn, K.; Engel, U.; Haselmann, U.; Bartenschlager, R.; Krausslich, H.G.;
Krijnse-Locker, J.; Boulant, S. Genome packaging of reovirus is mediated by the scaffolding property of the
microtubule network. Cell. Microbiol. 2017, 19, e12765. [CrossRef] [PubMed]

84. Brentano, L.; Noah, D.L.; Brown, E.G.; Sherry, B. The reovirus protein µ2, encoded by the M1 gene, is an
RNA-binding protein. J. Virol. 1998, 72, 8354–8357. [PubMed]

85. Noble, S.; Nibert, M.L. Core protein µ2 is a second determinant of nucleoside triphosphatase activities by
reovirus cores. J. Virol. 1997, 71, 7728–7735. [PubMed]

86. Rivera-Serrano, E.E.; Fritch, E.J.; Scholl, E.H.; Sherry, B. A cytoplasmic RNA virus alters the function of the
cell splicing protein SRSF2. J. Virol. 2017, 91, e02488-16. [CrossRef] [PubMed]

87. Dubois, J.; Traversier, A.; Julien, T.; Padey, B.; Lina, B.; Bourdon, J.-C.; Marcel, V.; Boivin, G.; Rosa-Calatrava, M.;
Terrier, O. The nonstructural NS1 protein of influenza viruses modulates TP53 splicing through host factor
CPSF4. J. Virol. 2019, 93, e02168-18. [CrossRef]

88. Ku, C.C.; Che, X.B.; Reichelt, M.; Rajamani, J.; Schaap-Nutt, A.; Huang, K.-J.; Sommer, M.H.; Chen, Y.-S.;
Chen, Y.-Y.; Arvin, A.M. Herpes simplex virus-1 induces expression of a novel MxA isoform that enhances
viral replication. Immunol. Cell Biol. 2011, 89, 173–182. [CrossRef]

89. Verma, D.; Swaminathan, S. Epstein-Barr virus SM protein functions as an alternative splicing factor. J. Virol.
2008, 82, 7180–7188. [CrossRef]

90. Becker, M.M.; Peters, T.R.; Dermody, T.S. Reovirus σNS and µNS proteins form cytoplasmic inclusion
structures in the absence of viral infection. J. Virol. 2003, 77, 5948–5963. [CrossRef]

91. Broering, T.J.; Kim, J.; Miller, C.L.; Piggott, C.D.; Dinoso, J.B.; Nibert, M.L.; Parker, J.S. Reovirus nonstructural
protein µNS recruits viral core surface proteins and entering core particles to factory-like inclusions. J. Virol.
2004, 78, 1882–1892. [CrossRef]

92. Broering, T.J.; Parker, J.S.; Joyce, P.L.; Kim, J.; Nibert, M.L. Mammalian reovirus nonstructural protein µNS
forms large inclusions and colocalizes with reovirus microtubule-associated protein µ2 in transfected cells.
J. Virol. 2002, 76, 8285–8297. [CrossRef]

93. Tenorio, R.; Fernandez de Castro, I.; Knowlton, J.J.; Zamora, P.F.; Risco, C.; Dermody, T.S. Function,
architecture, and biogenesis of reovirus replication neoorganelles. Viruses 2019, 11, 288. [CrossRef] [PubMed]

94. Stanifer, M.L.; Kischnick, C.; Rippert, A.; Albrecht, D.; Boulant, S. Reovirus inhibits interferon production by
sequestering IRF3 into viral factories. Sci. Rep. 2017, 7, 10873. [CrossRef] [PubMed]

95. Choudhury, P.; Bussiere, L.D.; Miller, C.L. Mammalian orthoreovirus factories modulate stress granule
protein localization by interaction with G3BP1. J. Virol. 2017, 91, e01298-17. [CrossRef] [PubMed]

96. Carroll, K.; Hastings, C.; Miller, C.L. Amino acids 78 and 79 of mammalian orthoreovirus protein µNS are
necessary for stress granule localization, core protein λ2 interaction, and de novo virus replication. Virology
2014, 448, 133–145. [CrossRef] [PubMed]

97. Yoneyama, M.; Jogi, M.; Onomoto, K. Regulation of antiviral innate immune signaling by stress-induced
RNA granules. J. Biochem. 2016, 159, 279–286. [CrossRef] [PubMed]

98. Onomoto, K.; Yoneyama, M.; Fung, G.; Kato, H.; Fujita, T. Antiviral innate immunity and stress granule
responses. Trends Immunol. 2014, 35, 420–428. [CrossRef] [PubMed]

99. Kim, S.S.-Y.; Sze, L.; Lam, K.-P. The stress granule protein G3BP1 binds viral dsRNA and RIG-I to enhance
IFN-β response. J. Biol. Chem. 2019, 294. [CrossRef]

100. Bujnicki, J.M.; Rychlewski, L. Reassignment of specificities of two cap methyltransferase domains in the
reovirus protein λ2. Genome Biol. 2001, 2. [CrossRef]

101. Luongo, C.L.; Reinisch, K.M.; Harrison, S.C.; Nibert, M.L. Identification of the guanylyltransferase region
and active site in reovirus mRNA capping protein λ2. J. Biol. Chem. 2000, 275, 2804–2810. [CrossRef]

102. Reinisch, K.M.; Nibert, M.L.; Harrison, S.C. Structure of the reovirus core at 3.6 Å resolution. J. Gen. Virol.
2000, 404, 960–967. [CrossRef]

103. Rudd, P.; Lemay, G. Correlation between interferon sensitivity of reovirus isolates and ability to discriminate
between normal and Ras-transformed cells. J. Gen. Virol. 2005, 86, 1489–1497. [CrossRef] [PubMed]

104. Sandekian, V.; Lemay, G. A single amino acid substitution in the mRNA capping enzyme λ2 of a mammalian
orthoreovirus mutant increases interferon sensitivity. Virology 2015, 483, 229–235. [CrossRef] [PubMed]

105. Bisaillon, M.; Lemay, G. Molecular dissection of the reovirus λ1 protein nucleic acids binding site. Virus Res.
1997, 51, 231–237. [CrossRef]

http://dx.doi.org/10.1111/cmi.12765
http://www.ncbi.nlm.nih.gov/pubmed/28672089
http://www.ncbi.nlm.nih.gov/pubmed/9733883
http://www.ncbi.nlm.nih.gov/pubmed/9311857
http://dx.doi.org/10.1128/JVI.02488-16
http://www.ncbi.nlm.nih.gov/pubmed/28077658
http://dx.doi.org/10.1128/JVI.02168-18
http://dx.doi.org/10.1038/icb.2010.83
http://dx.doi.org/10.1128/JVI.00344-08
http://dx.doi.org/10.1128/JVI.77.10.5948-5963.2003
http://dx.doi.org/10.1128/JVI.78.4.1882-1892.2004
http://dx.doi.org/10.1128/JVI.76.16.8285-8297.2002
http://dx.doi.org/10.3390/v11030288
http://www.ncbi.nlm.nih.gov/pubmed/30901959
http://dx.doi.org/10.1038/s41598-017-11469-6
http://www.ncbi.nlm.nih.gov/pubmed/28883463
http://dx.doi.org/10.1128/JVI.01298-17
http://www.ncbi.nlm.nih.gov/pubmed/28794026
http://dx.doi.org/10.1016/j.virol.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24314644
http://dx.doi.org/10.1093/jb/mvv122
http://www.ncbi.nlm.nih.gov/pubmed/26748340
http://dx.doi.org/10.1016/j.it.2014.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25153707
http://dx.doi.org/10.1074/jbc.RA118.005868
http://dx.doi.org/10.1186/gb-2001-2-9-research0038
http://dx.doi.org/10.1074/jbc.275.4.2804
http://dx.doi.org/10.1038/35010041
http://dx.doi.org/10.1099/vir.0.80628-0
http://www.ncbi.nlm.nih.gov/pubmed/15831962
http://dx.doi.org/10.1016/j.virol.2015.04.020
http://www.ncbi.nlm.nih.gov/pubmed/25985441
http://dx.doi.org/10.1016/S0168-1702(97)00092-0


Pathogens 2019, 8, 83 16 of 17

106. Bisaillon, M.; Bergeron, J.; Lemay, G. Characterization of the nucleoside triphosphate phosphohydrolase and
helicase activities of the reovirus λ1 protein. J. Biol. Chem. 1997, 272, 18298–18303. [CrossRef] [PubMed]

107. Bisaillon, M.; Lemay, G. Characterization of the reovirus λ1 protein RNA 5′-triphosphatase activity.
J. Biol. Chem. 1997, 272, 29954–29957. [CrossRef] [PubMed]

108. Lemay, G.; Danis, C. Reovirus λ1 protein: Affinity for double-stranded nucleic acids by a small amino-terminal
region of the protein independent from the zinc finger motif. J. Gen. Virol. 1994, 75 Pt 11, 3261–3266.
[CrossRef]

109. Noble, S.; Nibert, M.L. Characterization of an ATPase activity in reovirus cores and its genetic association
with core-shell protein λ1. J. Virol. 1997, 71, 2182–2191.

110. Harrison, S.; Harrison, S. Mammalian reovirus L3 gene sequences and evidence for a distinct amino-terminal
region of the λ1 protein. Virology 1999, 258, 54–64. [CrossRef]

111. Zhang, C.; He, H.; Wang, L.; Zhang, N.; Huang, H.; Xiong, Q.; Yan, Y.; Wu, N.; Ren, H.; Han, H.;
et al. Virus-triggered ATP release limits viral replication through facilitating IFN-beta production in a
P2X7-dependent manner. J. Immunol. 2017, 199, 1372–1381. [CrossRef]

112. Wiley, J.S.; Sluyter, R.; Gu, B.J.; Stokes, L.; Fuller, S.J. The human P2X7 receptor and its role in innate immunity.
Tissue Antigens 2011, 78, 321–332. [CrossRef]

113. Jabre, R.; Sandekian, V.; Lemay, G. Amino acid substitutions in σ1 and µ1 outer capsid proteins are selected
during mammalian reovirus adaptation to Vero cells. Virus Res. 2013, 176, 188–198. [CrossRef] [PubMed]

114. Sandekian, V.; Lemay, G. Amino acids substitutions in σ1 and µ1 outer capsid proteins of a Vero cell-adapted
mammalian orthoreovirus are required for optimal virus binding and disassembly. Virus Res. 2015, 196,
20–29. [CrossRef] [PubMed]

115. Lanoie, D.; Côté, S.; Degeorges, E.; Lemay, G. A single mutation in the mammalian orthoreovirus S1 gene is
responsible for increased interferon sensitivity in a virus mutant selected in Vero cells. Virology 2018, 528,
73–79. [CrossRef] [PubMed]

116. Rodgers, S.E.; Connolly, J.L.; Chappell, J.D.; Dermody, T.S. Reovirus growth in cell culture does not require
the full complement of viral proteins: Identification of a σ1s-null mutant. J. Virol. 1998, 72, 8597–8604.
[PubMed]

117. Chappell, J.D.; Gunn, V.L.; Wetzel, J.D.; Baer, G.S.; Dermody, T.S. Mutations in type 3 reovirus that determine
binding to sialic acid are contained in the fibrous tail domain of viral attachment protein σ1. J. Virol. 1997, 71,
1834–1841. [PubMed]

118. Reiter, D.M.; Frierson, J.M.; Halvorson, E.E.; Kobayashi, T.; Dermody, T.S.; Stehle, T. Crystal structure of
reovirus attachment protein σ1 in complex with sialylated oligosaccharides. PLoS Pathog. 2011, 7, e1002166.
[CrossRef] [PubMed]

119. Phillips, M.B.; Stuart, J.D.; Simon, E.J.; Boehme, K.W. Nonstructural protein σ1s is required for optimal
reovirus protein expression. J. Virol. 2018, 92, e02259-17. [CrossRef] [PubMed]

120. Poggioli, G.J.; Keefer, C.; Connolly, J.L.; Dermody, T.S.; Tyler, K.L. Reovirus-induced G(2)/M cell cycle arrest
requires σ1s and occurs in the absence of apoptosis. J. Virol. 2000, 74, 9562–9570. [CrossRef]

121. Boehme, K.W.; Hammer, K.; Tollefson, W.C.; Konopka-Anstadt, J.L.; Kobayashi, T.; Dermody, T.S.
Nonstructural protein σ1s mediates reovirus-induced cell cycle arrest and apoptosis. J. Virol. 2013,
87, 12967–12979. [CrossRef]

122. Bressy, C.; Droby, G.N.; Maldonado, B.D.; Steuerwald, N.; Grdzelishvili, V.Z. Cell cycle arrest in G2/M
phase enhances replication of interferon-sensitive cytoplasmic RNA viruses via inhibition of antiviral gene
expression. J. Virol. 2018, 93, e01885-18. [CrossRef]

123. Weber-Gerlach, M.; Weber, F. To conquer the host, Influenza virus is packing it in: Interferon-antagonistic
strategies beyond NS1. J. Virol. 2016, 90, 8389–8394. [CrossRef] [PubMed]

124. Garijo, R.; Cuevas, J.M.; Briz, Á.; Sanjuán, R. Constrained evolvability of interferon suppression in an RNA
virus. Sci. Rep. 2016, 6, 24722. [CrossRef] [PubMed]

125. Perez-Cidoncha, M.; Killip, M.J.; Oliveros, J.C.; Asensio, V.J.; Fernandez, Y.; Bengoechea, J.A.; Randall, R.E.;
Ortín, J. An unbiased genetic screen reveals the polygenic nature of the influenza virus anti-interferon
response. J. Virol. 2014, 88, 4632–4646. [CrossRef] [PubMed]

126. López, S.; Sánchez-Tacuba, L.; Moreno, J.; Arias, C.F. Rotavirus strategies against the innate antiviral system.
Annu. Rev. Virol. 2016, 3, 591–609. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.272.29.18298
http://www.ncbi.nlm.nih.gov/pubmed/9218469
http://dx.doi.org/10.1074/jbc.272.47.29954
http://www.ncbi.nlm.nih.gov/pubmed/9368073
http://dx.doi.org/10.1099/0022-1317-75-11-3261
http://dx.doi.org/10.1006/viro.1999.9707
http://dx.doi.org/10.4049/jimmunol.1700187
http://dx.doi.org/10.1111/j.1399-0039.2011.01780.x
http://dx.doi.org/10.1016/j.virusres.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23800405
http://dx.doi.org/10.1016/j.virusres.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25445342
http://dx.doi.org/10.1016/j.virol.2018.12.010
http://www.ncbi.nlm.nih.gov/pubmed/30578938
http://www.ncbi.nlm.nih.gov/pubmed/9765398
http://www.ncbi.nlm.nih.gov/pubmed/9032313
http://dx.doi.org/10.1371/journal.ppat.1002166
http://www.ncbi.nlm.nih.gov/pubmed/21829363
http://dx.doi.org/10.1128/JVI.02259-17
http://www.ncbi.nlm.nih.gov/pubmed/29321319
http://dx.doi.org/10.1128/JVI.74.20.9562-9570.2000
http://dx.doi.org/10.1128/JVI.02080-13
http://dx.doi.org/10.1128/JVI.01885-18
http://dx.doi.org/10.1128/JVI.00041-16
http://www.ncbi.nlm.nih.gov/pubmed/27440898
http://dx.doi.org/10.1038/srep24722
http://www.ncbi.nlm.nih.gov/pubmed/27098004
http://dx.doi.org/10.1128/JVI.00014-14
http://www.ncbi.nlm.nih.gov/pubmed/24574395
http://dx.doi.org/10.1146/annurev-virology-110615-042152
http://www.ncbi.nlm.nih.gov/pubmed/27482897


Pathogens 2019, 8, 83 17 of 17

127. Qashqari, H.; Al-Mars, A.; Chaudhary, A.; Abuzenadah, A.; Damanhouri, G.; Alqahtani, M.; Mahmoud, M.;
El Sayed Zaki, M.; Fatima, K.; Qadri, I. Understanding the molecular mechanism(s) of hepatitis C virus
(HCV) induced interferon resistance. Infect. Genet. Evol. 2013, 19, 113–119. [CrossRef] [PubMed]

128. Bourhill, T.; Mori, Y.; Rancourt, D.; Shmulevitz, M.; Johnston, R. Going (reo)viral: Factors promoting
successful reoviral oncolytic infection. Viruses 2018, 10, 421. [CrossRef] [PubMed]

129. Kemp, V.; Hoeben, R.; van den Wollenberg, D. Exploring reovirus plasticity for improving its use as oncolytic
virus. Viruses 2016, 8, 4. [CrossRef] [PubMed]

130. Mohamed, A.; Johnston, R.; Shmulevitz, M. Potential for improving potency and specificity of reovirus
oncolysis with next-generation reovirus variants. Viruses 2015, 7, 6251–6278. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.meegid.2013.06.025
http://www.ncbi.nlm.nih.gov/pubmed/23831932
http://dx.doi.org/10.3390/v10080421
http://www.ncbi.nlm.nih.gov/pubmed/30103501
http://dx.doi.org/10.3390/v8010004
http://www.ncbi.nlm.nih.gov/pubmed/26712782
http://dx.doi.org/10.3390/v7122936
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Brief Overview of Reovirus Multiplication Cycle 
	Virus Entry in the Host Cell 
	Transcription, Translation, and Replication of the Viral Genome 

	Reovirus and the Interferon Signaling Network 
	Cellular Antiviral Interferon-Stimulated Genes Involved in Reovirus Resistance 
	Viral Inhibition of the Antiviral Interferon Network 
	Reovirus Proteins Involved in the Control of the Interferon Response 
	The 3 Protein 
	The 2 Protein 
	The NS Protein 
	The 2 Protein 
	The 1 Protein 
	The 1s protein 

	Conclusions 
	References

