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A B S T R A C T

The family Picornaviridae comprises of small, non-enveloped, positive-strand RNA viruses and contains

many human and animal pathogens including enteroviruses (e.g. poliovirus, coxsackievirus, enterovirus

71 and rhinovirus), cardioviruses (e.g. encephalomyocarditis virus), hepatitis A virus and foot-and-

mouth disease virus. Picornavirus infections activate a cytosolic RNA sensor, MDA5, which in turn,

induces a type I interferon response, a crucial component of antiviral immunity. Moreover,

picornaviruses activate the formation of stress granules (SGs), large aggregates of preassembled mRNPs

(messenger ribonucleoprotein particles) to temporarily store these molecules upon cellular stress.

Meanwhile, picornaviruses actively suppress these antiviral responses to ensure efficient replication. In

this review we provide an overview of the induction and suppression of the MDA5-mediated IFN-a/b
response and the cellular stress pathway by picornaviruses.

� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

On the front line of antiviral immunity is the production of type
I interferons (IFN-a/b) and other antiviral cytokines at the site of
infection. IFN-a/b can be produced by virtually all nucleated cell
types and act in autocrine and paracrine manners (i.e. on both the
infected cells and neighboring non-infected cells). IFN-a/b-
receptor engagement induces the expression of large numbers
of interferon-stimulated genes (ISGs), which together establish a
so-called antiviral state in the recipient cells. To recognize the
invading pathogens timely and correctly, cells employ specialized
pattern recognition receptors (PRRs) to detect specific pathogen-
associated molecular patterns (PAMPs). RIG-I-like receptors (RLRs)
are a family of ubiquitously expressed PRRs that detect ‘‘non-self’’
viral RNAs in the cytoplasm. Two RLRs, RIG-I and MDA5, mediate
IFN-a/b production upon infection of various RNA viruses [1,2].
While RIG-I is required for sensing, among others, paramyxo-
viruses, influenza virus, Japanese encephalitis virus and hepatitis C
virus, MDA5 recognizes picornaviruses, mouse norovirus, mouse
hepatitis virus and defective interfering particles of paramyx-
oviruses [1,2]. Another RLR, LGP2, lacks functional domains
required for downstream signaling, and therefore has been long
suspected to play regulatory roles on RIG-I and MDA5. Besides the
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IFN-a/b and inflammatory responses, cells also engage various
other mechanisms to cope with undesirable conditions. One of
such mechanisms is the formation of stress granules (SGs) in the
presence of stress such as oxidative, heat, or nutrient stress, UV
radiation and viral infections. Although the stress pathway was
initially thought to function independently of classical innate
antiviral responses such as IFN-a/b, it was recently suggested that
the stress response may also directly or indirectly play an antiviral
role [3].

During the long co-evolution with their hosts, viruses have
acquired strategies to actively counteract host antiviral responses.
Both the RLR-mediated IFN-a/b induction pathway as well as the
stress pathway are targeted by various viruses [3,4]. This review
summarizes our current knowledge on the recognition and
suppression of host antiviral pathways by picornaviruses, a large
family of human and animal pathogens. We focus on two
important and well-studied genera of picornaviruses, namely
Enterovirus and Cardiovirus, and discuss how their RNAs are
recognized by RLRs, and how they antagonize the IFN-a/b
induction pathway and SG formation in infected cells.

2. Picornaviruses

2.1. Classification and genetics of picornaviruses

Picornaviridae is a large and diverse virus family currently
containing 26 genera. The Enterovirus genus contains hundreds of
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(sero)types of important human pathogens [4–6]. Poliovirus (PV) is
the causative agent of poliomyelitis. Various types of coxsack-
ieviruses (CVs), echoviruses, and other enteroviruses (EVs) can
cause viral meningitis, encephalitis, myocarditis and pancreatitis,
and have also been implicated in the development of type I
diabetes [5,7]. Enterovirus 71 (EV71) is an emerging virus that can
cause severe neurological symptoms in young children, and have
caused many outbreaks in the past decade, mostly in Southeast
Asia [8]. Human rhinoviruses (HRVs) are responsible for approxi-
mately one third of common colds in adults, and are also associated
with asthma exacerbations and chronic obstructive pulmonary
disease (COPD) [9]. The Cardiovirus genus contains mostly animal
pathogens such as encephalomyocarditis virus (EMCV) and
Theiler’s murine encephalomyelitis virus (TMEV). Both EMCV
and TMEV are primarily rodent pathogens, but EMCV also causes
severe, sometimes lethal, infections in other animals such as pigs,
elephants, lions and primates, posing problems in zoos and
national parks [10,11]. Recently, a new cardiovirus that infects
humans has been discovered, namely the Saffold virus, which has
been associated with gastroenteritis, and respiratory and neuro-
logical infections [12]. Other well-known genera are Hepatovirus

(e.g. hepatitis A virus [HAV]), Aphthovirus (e.g. the foot-and-mouth
disease virus [FMDV]), and Parechovirus (e.g. human parechovirus
[HPeV]).

2.2. Life cycle of picornaviruses

Members of the Picornaviridae family are small, non-enveloped,
positive-strand RNA viruses. The viral genome, a single-stranded
(ss) RNA molecule of 7.5–8.5 kb, encodes a single open reading
frame (ORF), an untranslated region (UTR) at either terminus, and a
poly(A) tail at the extreme 30 end. The 50 terminus of the viral RNA
is coupled to a small viral peptide VPg (also known as 3B) via a
phosphodiester bond as a result of VPg-primed viral RNA
replication. The genomic RNA also contains several structured
RNA elements that are crucial for virus replication. The internal
ribosomal entry site (IRES) in the 50 UTR contains several stem–
loop structures and drives viral cap-independent translation.
Stem–loop structures in the UTRs and a cis-acting RNA element
(CRE) – the position of which varies across different genera – are
crucial for viral RNA replication [13].
Fig. 1. Life cycle of picornaviruses. NSPs, non-structural proteins. Purple line, viral positiv
Picornaviruses share a similar life cycle (Fig. 1), with some
details varying across genera [13]. Infection is initiated via

receptor-mediated endocytosis, followed by uncoating to release
the genomic RNA in the cytoplasm. A cellular enzyme then releases
the VPg peptide from the genomic RNA [14], for reasons not yet
understood, generating a single-stranded viral RNA carrying a 50

monophosphate group. The viral genome is then immediately
translated by the host translation machinery to generate a large
polyprotein, which undergoes proteolytic processing by the virally
encoded proteinases. All picornaviruses carry a 3Cpro, which
mediates most of the proteolytic processing, and members of some
genera carry an additional proteinase that also participates (e.g.

2Apro for enteroviruses and Lpro for aphthoviruses). Additionally,
these viral proteinases also cleave host factors to aid virus RNA
replication and/or to evade host antiviral responses. Next, several
viral non-structural proteins hijack regulatory mechanisms of host
membrane metabolism to induce extensive remodeling of the
intracellular membranous structures to form the so-called
replication organelles (ROs) where viral RNA replication takes
place. The process of RNA replication is carried out by the virally
encoded RNA-dependent RNA polymerase 3Dpol (Fig. 2). First, 3Dpol

uridylylyates VPg, and uses the resulting VPg-pU-pU as a primer to
transcribe the positive-strand RNA into a complementary, nega-
tive-strand RNA molecule. During this process, a long dsRNA
intermediate product is produced, which is referred to as the
replicative form (RF). Next, 3Dpol uses the negative-strand RNA as a
template, and again VPg-pU-pU as a primer, to produce a large
number of nascent positive strands. This step leads to the
production of another intermediate product, namely the replica-
tive intermediate (RI), which comprises of a single negative-strand
RNA and multiple incomplete positive-strand RNAs that are
undergoing active transcription. The completed nascent posi-
tive-strand RNAs either enter a new round of translation and RNA
replication, or are encapsidated to form new virions. At the end of
the replication cycle, progeny virus particles are released by cell
lysis [13].

2A and L are the two most divergent picornaviral proteins. Both
can act as proteinases in some genera but not in others [13].
Because of their activities in inducing host shutoff, modulating cell
death and counter-acting immune responses, these proteins have
been classified as viral security proteins [15]. In fact, the L proteins
e-strand (+)RNAs. Green line, viral negative-strand (�)RNAs. Orange circle, VPg/3B.
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Fig. 2. Steps of picornavirus RNA replication. Purple line, viral positive-strand RNAs.

Green line, viral negative-strand RNAs. Orange circle, VPg/3B. Modified from [24].
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of both cardioviruses and aphthoviruses have been found to
actively suppress IFN-a/b response ([16,17], see also Sections 4.2
and 4.3).

3. Recognition of picornavirus RNAs by RIG-I-like receptors

3.1. RIG-I-like receptors in antiviral responses

RIG-I-like receptors (RLRs) are cytoplasmic RNA sensors that
initiate a type I interferon response upon RNA virus infections.
Currently, the RLR family contains three DExH/D box helicases,
namely RIG-I, MDA5 and LGP2. Upon ligand recognition, RIG-I and
MDA5 interact with a mitochondrial adaptor molecule MAVS (also
known as VISA, Cardif and IPS-I), which in turn, activates the TBK1/
IKK-e and IKK-a/b/g pathways (Fig. 3). TBK1 then phosphorylates
and activates IRF3, leading to transcription activation of IFN-a/b
Fig. 3. RLR-mediated IFN-a/b induction pathway and the IFN-a/b signaling pathway. I

indicated in red.
genes, whereas the IKK-a/b/g complex leads to NF-kB activation
and the transcription of many proinflammatory cytokine genes.
LGP2 also binds RNAs but lacks the signaling domains, thereby the
ability to initiate downstream signaling cascades. Instead, it has
been shown to play regulatory roles on RIG-I and MDA5 [1,2].

Lots of effort have been invested into characterizing RIG-I and
MDA5 ligands [1,2]. In vitro studies using synthetic ligands showed
that RIG-I requires relatively short dsRNAs, or 50 triphosphate
(50ppp)-containing ssRNAs with base-paired regions for activation.
In agreement with these findings, the 50ppp-containing pan-
handle RNA structures of many negative-strand RNA viruses (e.g.

influenza virus and Sendai virus) have been shown to potently
activate RIG-I. MDA5 is activated by long dsRNAs, as evidenced by
transfection studies using poly(I:C). To date, there is no evidence
that specific terminal groups are required on MDA5 ligands.

3.2. What is the viral PAMP(s) that activates MDA5 in picornavirus-

infected cells?

It is well established that picornavirus infections induce MDA5-
mediated IFN-a/b response in both cultured cells as well as mice
[18–23]. MDA5-stimulatory activity was observed in total RNA
extracts from EMCV- or TMEV-infected cells [23]. Further analysis
in this study suggested that the MDA5-stimulating RNA was a high
molecular weight RNA complex that consisted of both ssRNAs and
dsRNAs, hinting that cardiovirus infections may lead to production
of various PAMPs that can activate MDA5. As mentioned above,
several viral RNA species are produced during picornavirus RNA
replication, all bearing ‘‘non-self’’ features that could potentially be
recognized by cellular sensors including MDA5. Picornavirus
ssRNAs lack a 50 cap structure but, instead, contain either a
covalently linked VPg peptide or a monophosphate at the 50

terminus. The RF is a dsRNA molecule of 7.5–8.5 kbp, and the RI is a
complex, partially double-stranded RNA. Recently, Triantafilou
et al. and our group both examined the abilities of purified
picornaviral RNA species in stimulating MDA5. Together, the
results clearly show that the two viral ssRNA species are in fact
poor IFN-a/b inducers upon transfection, despite of the highly
structured regions and the ‘‘non-self’’ features they carry [24,25].
SGs, interferon-stimulated genes. Blockade by enteroviruses and cardioviruses are
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In contrast, both viral RNA replication intermediate products,
namely the RF and the RI, induced potent IFN-a/b response upon
transfection, which was completely dependent on MDA5 [24,25].
Additionally, the RF was shown to activate the ATPase activity of
recombinant MDA5 in the absence of any additional proteins [24],
demonstrating that this RNA can serve as a direct ligand of MDA5.

While these recent data from transfection and in vitro

experiments provided significant insights into picornavirus RNA
recognition by MDA5, they cannot be taken for granted to reflect
MDA5 activation in infected cells. During infection, the viral RNAs
may be less, if at all, accessible because they are bound by various
viral and host factors that participate in viral RNA replication, and
may also be (partially) shielded by the virus-induced membranous
ROs. Recently, this question was tackled by using compounds that
inhibited viral RNA replication at different steps in infected cells.
Inhibition of negative-strand RNA synthesis, and therefore RF
formation, caused a complete abrogation of IFN-a/b response in
infected cells. In contrast, a significant IFN-a/b response was
observed when RF formation was allowed to proceed but the
subsequent step, nascent positive-strand RNA synthesis, thereby
the formation of RI, was inhibited [24]. These results strongly
suggest that picornavirus RF is a physiological MDA5 ligand in
virus-infected cells. The role of RI in stimulating MDA5 under
physiological conditions is less clear. In contrast to RF, the RI is a
primarily ssRNA molecule containing double-stranded regions and
many protruding single-stranded ends [26]. MDA5 activation,
however, requires long dsRNAs [1,2,27]. The average length of the
double-stranded regions in RI molecules is unknown. Yet, RI
induced high levels of MDA5-mediated IFN-a/b response upon
transfection [25], suggesting that there is sufficient length of base-
paired regions in purified RI to induce MDA5 activation. Whether
this is also the case for the dynamic structure of RI during active
viral RNA replication remains to be established.

3.3. Role of LGP2 in picornavirus-induced MDA5 activation

Besides the classically recognized viral RNA species of
picornaviruses, Deddouche and colleagues suggested in a recent
Fig. 4. The formation and disassembly of stress granules (SGs). PABP, poly(A)-bindin

cardioviruses are indicated in red.
study that an additional MDA5-stimulating viral PAMP might be
produced in EMCV-infected cells. LGP2-associated RNAs from
EMCV-infected cells were found to exert MDA5-stimulatory
activity upon transfection of naive cells [28]. Subsequent deep-
sequencing analysis of the RNA pool that co-immunoprecipitated
with LGP2 revealed a clear enrichment of a 170-nucleotide
fragment that is complementary to the coding region of the viral
protein L. While this is a remarkable and unexpected finding, it also
raises a number of questions.

Firstly, it is not yet clear whether this L antisense RNA is
produced as a specific entity during EMCV infection since northern
blotting analysis failed to detect this RNA species in total RNA
preparation from EMCV-infected cells [28]. Therefore this 170-
nucleotide fragment might represent the most stable fragment of a
larger trunk of, or even the full-length, negative-strand RNA during
the isolation procedure. Alternatively, small RLR-stimulating RNAs
can be generated by RNase L from host and viral RNAs during virus
infections [29–31], and perhaps the L antisense RNA fragment is
such a product. However, there was no evidence of the
involvement of RNase L, which is also in line with a previous
observation that EMCV-induced IFN-a/b response was compara-
ble in wt and RNase L knockout cells [24]. It remains to be clarified
if and how this EMCV L antisense RNA is produced during infection.

Secondly, it is unclear how such a small ssRNA could activate
MDA5 in an LGP2-dependent manner. Involvement of LGP2 in
EMCV-induced IFN-a/b response has been previously reported
[32]. The newly discovered L antisense RNA was recovered from
LGP2 but not MDA5 immunoprecipitations [28], suggesting that
LGP2 directly binds to this small RNA and then facilitate MDA5
activation. Both MDA5 and LGP2 have been shown to bind short
ssRNAs [33–36], although MDA5 can only be functionally activated
by long dsRNAs [27,36]. LGP2 has also been shown to interact with
MDA5, though this strictly depended on the presence of dsRNAs
[37]. It remains to be demonstrated whether the base-paired
regions in EMCV L antisense RNA are sufficient to facilitate such
LGP2/MDA5 complex formation, or that LGP2 induces MDA5
activation via a yet unknown mechanism. In any case, the L
antisense RNA seems to contain some immune-stimulatory
g protein. mRNPs, messenger ribonucleoproteins. Blockade by enteroviruses and
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signature since in vitro transcripts (without 50ppp to exclude RIG-I-
mediated recognition) of this fragment, but not that of the
complementary sequence (L sense), induced an MDA5-mediated
IFN-a/b response upon transfection [28].

Lastly, it is important to realize that the L antisense RNA is not
the sole MDA5 ligand produced during EMCV infection (see Section
3.2). A recombinant EMCV carrying deletions in the L-encoding
region (DL), which thereby could not produce the L antisense RNA
(or the L protein, the known IFN-a/b antagonist), induced a potent
IFN-a/b response. Yet, this response was less strong as compared
to another recombinant EMCV that lacked a functional L protein
due to mutations (Lmut) but could still produce the L antisense RNA
[28]. Whether picornaviruses from other genera also produce small
MDA5-stimulating ssRNAs remains to be further investigated.

4. Strategies of picornaviruses to evade the RLR-mediated type
I interferon response

Many viruses have evolved to actively suppress the IFN-a/b
system (often at multiple steps) [1,2,4,5], and picornaviruses are no
exception. It has long been suspected that picornavirus-induced
host gene expression shutoff and secretory pathway blockade (the
latter of which has only been reported for some genera such as
Enterovirus) contribute to IFN-a/b suppression [5]. However, we
and others have shown that little IRF3 activation can be detected
during enterovirus and cardiovirus infections [38–40], implying
that the primary blockade of this pathway lies upstream of IFN
production.

4.1. Enteroviral strategies to restrict IFN-a/b transcription

4.1.1. Antagonization of the RLR signaling pathway

Enterovirus infections trigger little IRF3 phosphorylation [38–
40]. A recent report showed that TBK1 phosphorylation, a
prerequisite to IRF3 phosphorylation, is inhibited in CVB3-infected
cells, suggesting that inhibition of the RLR-mediated IFN-a/b
induction pathway lies upstream of TBK1 [41]. In line with this
observation, several enteroviruses have been reported to directly
interfere with upstream factors. MDA5 was shown to be degraded
during infections of PV and EV71 in a caspase-dependent manner,
and in the case of PV, also via proteasome activities [39,42]. Also
the downstream adaptor molecule MAVS has been shown to be
targeted by several enteroviruses including HRV1A [40], CVB3 [38]
and EV71 [43], via various proposed mechanisms. 2Apro of EV71
and 3Cpro of CVB3 were suggested to be responsible for MAVS
cleavage during infection of these viruses, whereas 2Apro, 3Cpro as
well as caspase 3 were all implicated in HRV1A-induced MAVS
cleavage. It was somewhat surprising that enteroviruses seemed to
employ a variety of means to shut down the RLR pathway, since
these viruses often utilize the same strategies to target a particular
host factor or pathway. Recently, a systematic examination of
signaling components of the RLR pathway revealed that both
MDA5 and MAVS are cleaved during CVB3 infection, and could be
reproduced by recombinant viral proteinase 2Apro. 2Apro’s of three
enteroviruses belonging to different species, namely EV71
(Enterovirus A), CVB3 (Enterovirus B) and PV (Enterovirus C), also
targeted MDA5 and MAVS for cleavage when inserted into the
genome of a EMCV (which does not induce these cleavages by
itself) [41]. These data suggest that enteroviruses very likely
employ a unified mechanism to interfere with the RLR-mediated
IFN-a/b induction pathway. Recently, we also observed that
insertion of enterovirus 2Apro in EMCV Lmut not only resulted in
cleavage of MDA5 and MAVS, but also almost a complete inhibition
of IFN-a/b induction (data not shown). These data show that 2Apro

is indeed the enterovirus IFN-a/b antagonist.
That MDA5 is specifically targeted by the viral 2Apro [41] seems to
contradict earlier reports that MDA5 is degraded by caspases and the
proteasome during enterovirus infections [39,42]. However, it is
important to point out that the caspase- and proteasome-mediated
MDA5 cleavage events were observed under conditions where
MDA5 expression level was artificially upregulated prior to infection
(either by poly(I:C) or viral RNA transfections) [39,42], which may
sensitize cells for virus-induced apoptosis, thereby promote
caspase- and proteasome-mediated protein degradations. In con-
trast, the 2Apro-mediated MDA5 cleavage was observed without
manipulations of its expression levels [41]. The importance of
studying cleavage of endogenous proteins is also illustrated by the
observation that 3Cpro can cleave overexpressed MAVS [38,41] but
not endogenous MAVS. Cleavage products observed in infected cells
are only observed upon expression of 2Apro [41,43], suggesting that
2Apro-mediated MAVS cleavage is likely a more prominent event
under physiological conditions.

Interestingly, RIG-I is also cleaved by various enteroviruses via

their 3Cpro activity [41,44]. However, it remains to be elucidated
why these viruses target a RNA sensor that does not participate in
their recognition [1,2]. It has been proposed that RIG-I may directly
turn on ISG transcription via STAT1 activation in an IFN-a/b-
independent fashion [45]. Whether enteroviruses cleave RIG-I to
prevent an augmentation of ISG expression via the STAT1 pathway
remains to be investigated.

4.1.2. Effect of nucleocytoplasmic trafficking disorder?

As mentioned above, enterovirus 2Apro is an effective IFN-a/b
antagonist. While it is tempting to attribute this IFN-a/b-suppres-
sing effect to the cleavage of MDA5 and MAVS, it is known that 2Apro

also targets many other host proteins, thereby affecting many
cellular processes, which may possibly influence IFN-a/b response
against these viruses. One group of cellular substrates of 2Apro are
the nucleoporins (Nups), proteins that form the nuclear pore
complex and regulate protein and mRNA trafficking through the
nuclear pore. Nup cleavage during enterovirus infection results in a
bidirectional loss of selective macromolecule trafficking across the
pore [46–49], a phenomenon often referred to as the nucleocyto-
plasmic trafficking (NCT) disorder. This virus-induced NCT disorder
may interfere with IFN-a/b transcription activation by affecting
shuttling and/or activation of IRF3, which must translocate to the
nucleus to activate target gene transcription [50]. Alternatively
localization of other (regulatory) factors necessary for IFN-a/b
transcription may be deregulated by the NCT disorder.

The potential blockade at the level of IRF3 activation may seem
unnecessary since upstream TBK1 activation is already inhibited in
infected cells [41]. However, it is common for viruses to employ
redundant strategies to interfere with the IFN system to ensure an
effective inhibition. Furthermore, these two mechanisms may also
be important at different stages of infection. The NCT disorder can
be observed extremely rapidly upon enterovirus infections – hours
before the cleavages of MDA5 and MAVS could be detected. Thus, it
is possible that enteroviruses rely on the NCT disorder to keep IFN-
a/b under control before MDA5 and MAVS could be inactivated. Of
note, it cannot be excluded that MDA5 and MAVS are already
cleaved earlier during infection, locally at the site of viral protein
synthesis and RNA replication, but are undetectable when
analyzing these factors in whole cytoplasmic lysates [41]. The
relative contributions of the NCT disorder and MDA5/MAVS
cleavage to IFN-a/b antagonization remain to be demonstrated.

4.2. Cardiovirus evasion strategies

4.2.1. L protein-induced nucleocytoplasmic trafficking disorder

Cardioviruses do not target MDA5 or MAVS, however, still
effectively prevent IRF3 phosphorylation [41]. It was also shown
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that TBK1 is phosphorylated – believed to reflect activation –
during EMCV infection [41], pinpointing the viral antagonization to
a step between TBK1 activation and IRF3 phosphorylation. The
cardiovirus IFN-a/b antagonist has long been established, namely
the L protein, a small peptide (67 amino acids in the case of EMCV)
produced at the extreme 50 end of the viral polyprotein. The mature
L protein contains an N-terminal CHCC Zn-finger domain, a hinge
region and a C-terminal highly acidic domain [51,52]. This protein
is non-essential for viral RNA replication, but very important for
counteracting host antiviral responses. Lmut viruses replicate to
similar levels as wt viruses in IFN-a/b-deficient cells/mice, but are
attenuated in IFN-a/b-competent systems [16,53,54], suggesting
that it is an important player in IFN-a/b antagonization. L has
neither enzymatic activity, nor known homologs [51,52].

It is thus far unknown how L inhibits IRF3 activation and
subsequently IFN-a/b production. This effect of L may be linked to
its role in the NCT disorder that is induced by cardioviruses, which
like enteroviruses also disrupt macromolecule trafficking across
nuclear pores [55,56]. L has been shown to form a tight complex
with the small GTPase Ran, which is currently the only reported
interaction partner of L [51,57]. Hereby, L disrupts the RanGDP/GTP
gradient across the nuclear pore, a crucial regulatory mechanism
for nuclear import and export [51,57]. L also induces hyperpho-
sphorylation of several Nups (e.g. Nup 62, 98, 153 & 214) within the
domains that form the physical barriers of the nuclear pore and
provide important docking sites for transport receptors [58–60].
Hereby L may physically interfere with interactions of cargo
transporters with Nups [58]. Mutant L proteins harboring
substitutions in the Zn-finger domain or acidic domain that fail
to induce the NCT disorder [51,55,56,59] – due to impaired Ran
binding and Nup hyperphosphorylation [51,58,59] – are also
deficient in suppressing IFN-a/b [16,17,41,54,61,62]. These results
suggest that IFN-a/b suppression by L may be in one way or
another caused by its activity to deregulate NCT. As mentioned in
Section 4.1.2, NCT disorder may interfere with IRF3 activation by
preventing its shuttling and/or nuclear translocation upon
activation by TBK1. Future research is necessary to demonstrate
a clear cause–effect relationship between the NCT disorder and
IFN-a/b suppression, as well as the exact underlying mechanism.

4.2.2. RIG-I antagonization?

It has been reported that EMCV also proteolytically targets RIG-I
in infected cells, either via the viral 3Cpro [44], or caspases [63].
However, RIG-I cleavage was not observed throughout infection of
either wt or Lmut EMCV in another study [41]. It is currently unclear
what causes this disagreement in literature. Nonetheless, assuming
RIG-I is targeted by EMCV, how could this benefit virus replication?
As discussed above (see Section 4.1.2), RIG-I does not participate in
detecting picornaviruses [1,2]. It has been suggested that RIG-I may
directly activate STAT1, thereby activating ISG expression indepen-
dently of IFN-a/b production [45]. Thus, it is possible that
cardioviruses inactivate RIG-I to prevent ISG transcription activa-
tion, though experimental proof remains to be provided.

4.3. Evasion strategies of other picornaviruses

Picornaviruses from other genera than Enterovirus and Cardi-

ovirus are also known to actively interfere with IFN-a/b induction.
HAV, a member of the Hepatovirus genus, proteolytically targets
MAVS. In this case, a precursor of the viral 3Cpro proteinase, namely
the 3ABC, is responsible, and both the proteinase activity of 3Cpro

and a transmembrane domain in 3A, which targets 3ABC to
mitochondria where MAVS is localized, are required [64]. Another
picornavirus, FMDV from the Aphthovirus genus, also targets the
RLR pathway. The FMDV viral proteinase Lpro (which is unrelated to
the cardiovirus L) exerts deubiquitinating activity on K48 as well as
K63 ubiquitin chains, and has been shown to reduce ubiquitination
of, among others, RIG-I and TBK1 [65], which is known to modulate
the activity of these factors. In addition, the 3Cpro of FMDV has been
reported to cleave NF-kB essential modulator (NEMO, also known
as IKK-g), a factor required for NF-kB activation [66]. These results
clearly demonstrate that picornaviruses employ a diverse range of
mechanisms to suppress host antiviral responses, and knowledge
obtained from one genus cannot be directly applied to other
genera. Of note, another important genus of picornaviruses,
Parechovirus, which can cause several neonatal infections in
humans [6], do not encode for an L protein, and neither do their
2A proteins exert any protease activity [13,15]. How these viruses
interfere with host antiviral responses remains to be elucidated.

5. Interaction between picornaviruses and the stress response

Stress granule (SG) formation is part of the cellular stress
response and is important for cell survival during stress condi-
tions. These granules are dynamic and serve to temporarily store
pre-initiation mRNA complexes (Fig. 4) [3,67]. They contain Ras
GTPase-activating protein-binding proteins (G3BP1/2), T-cell
intracellular antigen 1 (TIA-1), TIA-related protein (TIAR), many
translation initiation factors, 40S ribosomes, mRNAs, and numerous
other RNA-binding proteins. Many more proteins have recently
been reported to associate with SGs formed under specific types of
stress [3], indicating that there is some level of specificity of the
cellular stress response. In most cases, SG formation is triggered by
a halt in cap-dependent translation, which is often caused by
phosphorylation of eukaryotic translation initiation factor 2a (eIF2a)
by one of the four kinases – protein kinase R (PKR), PKR-like
endoplasmic reticulum kinase (PERK), heme-regulated kinase (HRI)
and general control non-depressible 2 kinase (GCN2). However, eIF2a
phosphorylation-independent SG formation after oxidative stress
or direct inhibition of eIF4G or eIF4A has also been reported [68].

5.1. The antiviral role of the stress pathway

Growing evidence suggests that SGs exert an antiviral function,
though the exact mechanism is largely unknown. Since the
primary function of the stress pathway is to halt cap-dependent
translation and temporarily store preformed translation initiation
complexes in SGs [3,67], it has been suggested that also viral
translation is inhibited. Indeed, in the case of influenza virus, which
relies solely on cap-dependent translation for viral protein
synthesis, SG formation was associated with reduced viral protein
accumulation levels and thus virus replication [69]. Also for
picornaviruses, which use IRES-dependent translation, SG forma-
tion appears to be disadvantageous for virus replication, albeit
only to moderate levels [70–72]. How SG formation acts on
picornavirus replication is incompletely understood. Hypotheti-
cally, viral mRNAs can get trapped in the SGs, thereby precluding
them from translation and/or replication. However, it is still under
debate whether picornavirus RNAs localize to SGs (see Section
5.2.1). Alternatively, it has been suggested that host and/or viral
proteins, which play a role in virus replication, are scavenged in
SGs, thereby limiting virus replication [71], but this has not been
investigated. Recent observations suggest that there is a link
between the stress pathway and the IFN-a/b pathway – which is
discussed here below – providing novel insights into the possible
antiviral role of SGs.

5.2. Link between the stress response and the IFN-a/b pathway

5.2.1. SG as platform for viral RNA recognition

Recently, SGs were suggested to function as sites for viral RNA
recognition by RLRs. The group of Fujita showed that both RIG-I
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and influenza viral ssRNA (ligand of RIG-I) translocate to SGs
during influenza virus DNS1 infection. Inhibition of SG formation,
either by G3BP1 knockdown or PKR knockout, resulted in a 3- to
10-fold reduction in IFN-b response [73]. These results led the
authors to propose that SGs may serve as a platform for viral RNA
recognition by RIG-I. Also MDA5, the sensor for picornavirus RNA
[24], localizes to SGs [61]. This observation suggests that MDA5
may also use SGs as sites for viral RNA recognition. However, it is
thus far unclear whether picornaviral dsRNA (ligand of MDA5) also
localizes to SGs. On the basis of propidium iodide staining it was
concluded that dsRNA localized to SGs in EMCV-infected cells [72].
However, detection of EMCV or TMEV viral RNAs using either a
dsRNA-specific antibody or in situ hybridization, respectively,
failed to show any viral RNA in virus-induced SGs [61,74]. These
observations suggest that it is unlikely that MDA5 utilizes SGs as
(primary) site for viral RNA recognition during picornavirus
infections.

5.2.2. Cross-talk between stress and IFN-a/b pathways

Accumulating evidence suggest that there is cross-talk between
the stress pathway and RLR-mediated IFN-a/b response. It has
been reported that PKR and G3BP2 enhance activation of the NF-kB
pathway [75,76] and consequently also IFN-a/b production [77].
Vice versa, DHX36, a novel activator of RIG-I [78], as well as MAVS
[79] were recently shown to be involved in PKR activation. Clearly,
activation of the one pathway does not necessarily lead to full-
blown activation of the other. Langereis et al. showed that
activation of the stress pathway and subsequent SG formation did
not induce IFN-a/b production, and conversely, activation of the
RLR signaling pathway or IFN-a/b treatment of cells did not lead to
SG formation [61]. Notwithstanding this, IFN-a/b treatment did
sensitize cells for stress pathway activation [80,81], possibly due to
IFN-induced increase in PKR expression. It remains to be
established to what extent, and under what circumstances, the
cross-talk between these two pathways occurs.

5.3. Strategies of picornaviruses to evade the stress pathway

Since stress pathway activation acts as an antiviral response,
viruses have found ways to inhibit this pathway. Enteroviruses (e.g.

PV and CVB3) induce SG formation early during infection, which
may partly result from virus-induced cap-dependent translation
shutoff via eIF4G cleavage [3]. These granules disappear as
infection proceeds due to cleavage of G3BP1 by the viral proteinase
3Cpro [61,70,71]. Overexpression of a G3BP1 mutant that can no
longer be cleaved by the viral 3Cpro (G3BP1-Q325E) led to stable SG
formation and stronger repression of PV replication than wt G3BP1
overexpression. This observation underscores the important role
of 3Cpro-mediated cleavage of G3BP1 on enhancing enterovirus
replication [71]. Besides enteroviruses, also alphaviruses like
Semliki Forest virus [82] and Chickungunya virus [83] prevent SG
formation by interacting with G3BP1, suggesting that targeting
this protein is an effective way to inhibit the antiviral role of SGs.

Cardioviruses also suppress SG formation. As influenza A virus,
which utilizes its NS1 protein to suppress both IFN-a/b activation
and SG formation [69,73], cardioviruses also employ a single viral
protein, namely L, to antagonize these two antiviral pathways
[61,74]. While no SGs are observed during wt cardiovirus
infections, Lmut EMCV and TMEV induced PKR-dependent activa-
tion of the stress pathway [61] and persistent SGs throughout
infection [61,74]. Moreover, overexpression of L alone was
sufficient to repress de novo SG formation induced via HRI and
PERK activation [74], suggesting that L expression inhibits SG
formation at a common step downstream of PKR, HRI and PERK,
possibly at the level of eIF2a phosphorylation or a yet unknown
downstream step. As mentioned in Section 4.2.1, cardiovirus L also
induces NCT disorder. Although there is no proof that coordinated
trafficking of proteins between the nucleus and the cytoplasm is
essential for stress pathway activation and SG formation, TIA-1 is
known to migrate from the nucleus to the cytoplasm upon stress
pathway activation. Since TIA-1 is an essential structural compo-
nent of SGs, it is possible that the L-induced NCT disorder affects
TIA-1 migration and thus SG formation. Of course, it cannot be
excluded that L acts on a central host factor or process that controls
NCT, IFN-a/b response as well as SG formation, though no
plausible candidate has been suggested, to date.

Recently, it was reported that EMCV induced SG formation early
in infection, and the SGs disappeared later in infection as a result of
G3BP1 cleavage via viral 3Cpro, similar to what is described for
enteroviruses [72]. While this is a remarkable observation, it
provides no explanation as to how Lmut cardioviruses, which all
express active 3Cpro, potently induce SG formation [61,74].

In summary, both enteroviruses and cardioviruses are able to
inactivate the stress pathway. However, the mechanism how this is
achieved, especially for cardioviruses, remains to be investigated in
more detail. Studying how picornaviruses target the stress
pathway and how SG formation acts as an antiviral response
may also help reveal novel insights into the interplay between
stress and innate immune responses.

6. Future perspectives and concluding remarks

The interaction between pathogens and the innate antiviral
responses is extremely intricate. Recent studies provided a first
glimpse on MDA5 activation during the course of a normal
picornavirus infection, however, much is still to be learned about
MDA5 activation during virus infections in general. What RNA(s)
are directly bound by MDA5? What is the minimum length of
MDA5 filaments that can activate MAVS in cells? Is LGP2 a positive
regulator of MDA5 in general, or is it only needed for specific (types
of) RNA ligands? In addition, the immune evasion strategies of
many important picornaviruses are still incompletely understood.
Furthermore, research on the antiviral activities of the stress response,
and the underlying mechanisms, are also still in its infancy.

While addressing these questions in future research, it is
important to realize that viruses replicate at specific subcellular
microenvironments that can largely differ from in vitro experi-
mental conditions. Efforts should be made to study events during
natural infections. In addition, the spatial and temporal aspects of
viral RNA recognition and viral evasion strategies are important
issues that need to be clarified. At what stage during a picornavirus
infection does MDA5 become activated? Where does MDA5 gain
access to viral RNA PAMPs that are produced in restricted
subcellular microenvironments? Where and when do viral
proteinases encounter and target crucial factors of immune
pathways? These important questions await future investigation
and warrant an exciting research area of the interaction between
picornaviruses and innate antiviral responses.
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