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ABSTRACT Most viruses have acquired mechanisms to suppress antiviral alpha/beta
interferon (IFN-a/B) and stress responses. Enteroviruses (EVs) actively counteract the
induction of IFN-a/B gene transcription and stress granule (SG) formation, which are
increasingly implicated as a platform for antiviral signaling, but the underlying
mechanisms remain poorly understood. Both viral proteases (2AP™ and 3CP™) have
been implicated in the suppression of these responses, but these conclusions pre-
dominantly rely on ectopic overexpression of viral proteases or addition of purified
viral proteases to cell lysates. Here, we present a detailed and comprehensive com-
parison of the effect of individual enterovirus proteases on the formation of SGs and
the induction of IFN-a/B gene expression in infected cells for representative mem-
bers of the enterovirus species EV-A to EV-D. First, we show that SG formation and
IFN-B induction are suppressed in cells infected with EV-A71, coxsackie B3 virus (CV-
B3), CV-A21, and EV-D68. By introducing genes encoding CV-B3 proteases in a re-
combinant encephalomyocarditis virus (EMCV) that was designed to efficiently acti-
vate antiviral responses, we show that CV-B3 2ArP™, but not 3CPr°, is the major
antagonist that counters SG formation and IFN-B gene transcription and that 2AP™’s
proteolytic activity is essential for both functions. 2Ar efficiently suppressed SG for-
mation despite protein kinase R (PKR) activation and « subunit of eukaryotic transla-
tion initiation factor 2 phosphorylation, suggesting that 2AP™ antagonizes SG assem-
bly or promotes its disassembly. Finally, we show that the ability to suppress SG
formation and IFN-$ gene transcription is conserved in the 2ArPr of EV-A71, CV-A21,
and EV-D68. Collectively, our results indicate that enterovirus 2AP™ plays a key role
in inhibiting innate antiviral cellular responses.

IMPORTANCE Enteroviruses are important pathogens that can cause a variety of
diseases in humans, including aseptic meningitis, myocarditis, hand-foot-and-mouth
disease, conjunctivitis, and acute flaccid paralysis. Like many other viruses, enterovi-
ruses must counteract antiviral cellular responses to establish an infection. It has
been suggested that enterovirus proteases cleave cellular factors to perturb antiviral
pathways, but the exact contribution of viral proteases 2AP and 3CP™ remains elu-
sive. Here, we show that 2APr°, but not 3CPre, of all four human EV species (EV-A to
EV-D) inhibits SG formation and IFN-B gene transcription. Our observations suggest
that enterovirus 2AP has a conserved function in counteracting antiviral host re-
sponses and thereby is the main enterovirus “security protein.” Understanding the
molecular mechanisms of enterovirus immune evasion strategies may help to de-
velop countermeasures to control infections with these viruses.
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icornaviruses are a large and diverse family of small (~30-nm) nonenveloped

viruses with a positive-sense RNA genome. Especially, the genus Enterovirus en-
compasses many human pathogens with implications for public health. The enterovi-
ruses are categorized into 15 enterovirus (EV) species (EV-A to EV-L) and 3 rhinovirus
(RV) species (RV-A to RV-C). Human pathogens are found among the EV-A to EV-D
species and the three rhinovirus species. The best-known pathogenic enterovirus is
poliovirus (PV), the causative agent of poliomyelitis. In addition, coxsackie A virus
(CV-A), coxsackie B virus (CV-B), echoviruses, and several numbered enteroviruses (e.g.,
EV-A71 and EV-D68) cause a broad range of diseases, such as aseptic meningitis,
myocarditis, hand-foot-and-mouth disease, conjunctivitis, and acute flaccid paralysis.
Rhinoviruses are the leading cause of the common cold and are associated with
exacerbations of asthma and chronic obstructive pulmonary disease (COPD) (reviewed
in reference 1). The enterovirus genome is translated into one polyprotein that is
autocatalytically processed into the structural proteins (VP1, VP2, VP3, VP4), the non-
structural proteins (2A, 2B, 2C, 3A, 3B, 3C, 3D), and several cleavage intermediates (e.g.,
3CD) (reviewed in reference 1). While the structural proteins make up the viral capsid,
the nonstructural proteins are involved in virus replication and/or interfere with anti-
viral responses. Nonstructural proteins 2A and 3C are the proteases involved in pro-
cessing of the viral polyprotein. While 3CP is responsible for the majority of the
cleavages needed for polyprotein processing, 2AP™ cleaves at the junction between the
structural proteins (P1 region) and its own N terminus (reviewed in reference 1). Besides
their essential role in polyprotein processing, both proteases also cleave host cell
factors to optimize virus replication. For example, 2AP mediates host shutoff by
cleaving eukaryotic translation initiation factor 4G (elF4G) (2).

In response to virus infections, cells activate several antiviral responses. A well-
known antiviral response is the induction of type | interferons (alpha/beta interferon
[IFN-a/B]). Viral genome replication generates double-stranded RNA (dsRNA) replica-
tion intermediates, which can be recognized by cytoplasmic RIG-I-like receptors (RLRs).
Enterovirus replication intermediates are predominantly recognized by MDA5 (3-5).
However, recent evidence suggests that RIG-I may also contribute to the induction of
IFN-a/B in certain cell types (6). Upon recognition of viral dsRNA, MDA5 interacts with
MAVS, which subsequently activates TRAF3 and TBK1. TBK1 phosphorylates the tran-
scription factors IRF3 and IRF7, resulting in their activation and dimerization. Simulta-
neously, TRAF3 activates the transcription factor NF«B. Upon activation, IRF3, IRF7, and
NFkB localize to the nucleus, where they induce expression of IFN-a/fB and other
proinflammatory cytokines. Subsequent IFN-&/B signaling via the type | IFN receptor
(IFNAR) and the JAK-STAT pathway induces the expression of hundreds of interferon-
stimulated genes (ISGs). IFN-a/B signals in autocrine and paracrine ways to induce a
tissue-wide antiviral state, thereby limiting viral spread (reviewed in references 7and 8).

One of the ISGs is dsRNA-dependent protein kinase R (PKR), a sensor protein of the
integrated stress response (ISR). When PKR binds dsRNA ligands, it dimerizes, auto-
phosphorylates, and subsequently phosphorylates the « subunit of eukaryotic transla-
tion initiation factor 2 (elF2«). Phosphorylated elF2« (p-elF2«) represses translation and
thereby impairs virus propagation. Stalled messenger ribonucleoproteins (mRNPs),
consisting of mRNA, small ribosomal subunits, eukaryotic translation initiation factors
(elFs), and several auxiliary proteins, are stored in cytoplasmic aggregates known as
stress granules (SG). SG formation is directed by SG scaffolding proteins, such as
GTPase-activating protein-binding proteins 1 and 2 (G3BP1 and G3BP2) and T cell-
restricted intracellular antigen 1 (TIA-1) (reviewed in reference 9). Rather than merely
being an outcome of translation inhibition, SGs have also been suggested to serve as
a platform for antiviral signaling. Multiple signaling molecules, including MDAS5, RIG-I,
PKR, and TRAF2, are recruited to SGs, and this localization has been suggested to
regulate their activity (10-16). Further evidence for an antiviral function of SGs is the
growing evidence that many viruses—apart from their effect on the upstream signaling
cascade—have evolved mechanisms to counteract SG formation by targeting SG
components (15, 17-20). The exact function of SGs, however, remains to be established.
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To establish a productive infection, enteroviruses actively suppress antiviral re-
sponses. Several studies have shown that enteroviruses suppress IRF3 dimerization and,
thereby, IFN-a/B gene transcription (11, 21-25). Both viral proteases, 2AP™ and 3CPre,
cleave various factors of the RLR signaling pathway, implicating them in the suppres-
sion of IFN-a/B gene transcription. Overexpression of 3CP™ of several enteroviruses has
been shown to result in the cleavage of MAVS, IRF7, and IRF9 and, as a consequence,
in the suppression of a coexpressed IFN reporter construct (24-28). However, in several
of these studies, convincing evidence that the cleavage products observed upon 3CpPr
overexpression are the same as those observed in enterovirus-infected cells is lacking.
In fact, we and others have identified 2AP™ to be the viral protease responsible for
cleaving MAVS (21, 22). Addition of recombinant 2AP™, but not 3CP™, to cell lysates
resulted in the appearance of MAVS cleavage products of the same size as those
observed in infected cells. These cleavage products were also observed when 2Arre, but
not 3CP©, was expressed by a recombinant encephalomyocarditis virus (EMCV), a
picornavirus that by itself does not cleave components of the RLR pathway (21). Besides
cleaving MAVS, 2APr has also been suggested to cleave MDAS5 (21), which contradicted
earlier suggestions that MDAS5 is degraded by the proteasome (29). Meanwhile, 3CPr
cleaves RIG-I (21, 30). Contradictory results on the mechanism of how enteroviruses
interfere with IFN-a/B signaling have also been reported. Some studies reported that
EV-A71 infection reduces the expression levels of the IFN receptor, blocks STAT1 and
STAT2 phosphorylation, and suppresses expression of multiple I1SGs through the action
of 2APre (31, 32). In another study, however, it was suggested that EV-A71 infection
does not affect STAT1 and STAT2 phosphorylation but that 3CPre prevents these
molecules from entering the nucleus (33). Overall, these conflicting data indicate that
the physiological role of the 2APro- and/or 3CPro-mediated cleavages of signaling
molecules for the suppression of the RLR and JAK-STAT pathways requires further
investigation.

Enteroviruses also actively suppress the ISR. Infection of cells with PV, CV-B3, and
EV-A71 results in the formation of small SGs early in infection, but these disappear later
in infection (34-37). Again, conflicting observations about the identity of the viral
antagonist have been reported. Initially, the suppression of SGs was attributed to 3CPr
(34-36). 3CPr° was shown to cleave G3BP1 and suppress SG formation, and overex-
pression of a cleavage-resistant G3BP1 decreased virus replication, although this de-
crease was rather modest (34, 36, 38). Recently, however, evidence was presented that
2APre from EV-A71, PV, or CV suppresses SG formation induced by infection, as well as
that induced by sodium arsenite or heat shock (37).

In this study, we set out to directly compare the abilities of 2ArP and 3Crre of
multiple enteroviruses to suppress IFN-a/B8 induction and SG formation in infected cells.
As described above, we previously introduced the genes encoding 2AP™ and 3CP™ of
several enteroviruses in EMCV to study 2APr- and 3CPro-mediated cleavages in infected
cells (21). However, these recombinant EMCVs contained an intact antagonist of the
antiviral responses, i.e., the leader (L) protein, and therefore, these viruses could not be
used to study the effect of the enterovirus proteases on IFN-«/B mRNA levels and SG
formation. To overcome this, we introduced the genes encoding the enterovirus
proteases in a mutant EMCV containing mutations that inactivate the leader protein
(EMCV-L?") (3, 11, 39). Using these recombinant viruses, we provide a comprehensive
and detailed analysis of the effect of the proteases of representative members of the
enterovirus species EV-A to EV-D on the formation of SGs and the induction of IFN-a/p.
We demonstrate that 2APre, but not 3Cr, of EV-A71, CV-B3, CV-A21, and EV-D68
strongly suppresses IFN-a/B induction and SG formation in virus-infected cells, thereby
pinpointing 2AP™ as a major antagonist of these antiviral responses.

RESULTS

Multiple enteroviruses suppress SG formation. We first determined whether
representative members of the enterovirus species EV-A to EV-D share the ability to
suppress SGs. To this end, we infected Hela cells with EV-A71, CV-B3, CV-A21, or EV-D68
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and visualized the SGs. We also infected cells with EMCV-LZ", which induces SG
formation (11) and which therefore served as a positive control. At 4h and 6h
postinfection (hpi), cells were fixed and we performed immunofluorescence staining for
dsRNA to visualize viral replication and the SG markers G3BP1 and elF3. Infection with
all the viruses led to an increase in the dsRNA signal, indicating that all viruses
replicated efficiently. In the cells infected with the different enteroviruses, we observed
small SGs at 4 hpi (Fig. 1). These SGs were no longer detected at 6 hpi in cells infected
with CV-B3 or CV-A21, while the majority of the cells infected with EV-A71 and EV-D68
also lacked SGs at 6 hpi (Fig. 1). Suppression of SG formation was previously reported
for PV (34), for CV-B3 (35), and—while this work was in progress—also for EV-A71 (36,
37). Here, we provide evidence that CV-A21, another member of the EV-C species, and
EV-D68, an EV-D species member, also suppress the formation of SGs. Taken together,
our data suggest that the ability to counteract SG formation is conserved among all
human enterovirus species (i.e., EV-A to EV-D).

Overexpression of enterovirus 2AP° suppresses sodium arsenite-induced SGs.
To better understand the effects of enterovirus proteases on SG formation, we over-
expressed 2AP and 3CPre from EV-A71, CV-B3, or PV as enhanced green fluorescent
protein (EGFP) fusion proteins and visualized SGs in the transfected cells. The cells were
treated with sodium arsenite to induce SG formation. Afterwards we performed im-
munofluorescence staining against G3BP1 and TIA-1 (Fig. 2). In our hands, enterovirus
2Arre inhibited SG formation (Fig. 2A). In cells expressing EGFP-2Ar™, we did not detect
any G3BP1-positive SGs. However, we did observe a few TIA-1 granules. Meanwhile,
expression of EGFP-3CP™ had no effect on SG formation (Fig. 2B). These findings
suggest that enterovirus 2APr® is the major antagonist of SG formation.

Enterovirus 2APr suppresses SG formation when introduced into recombinant
EMCV containing an inactive stress antagonist. Overexpression of enteroviral pro-
teases, followed by sodium arsenite treatment to induce SGs, may not accurately
represent the role of the proteases in an enterovirus-infected cell. Given the essential
role of the viral proteases in polyprotein processing and RNA replication, it is difficult
to study their role in suppressing SG formation by introducing proteolytically inacti-
vating mutations in the viral genome. We previously generated recombinant EMCVs
harboring 2ApPr and 3Cpre of different enteroviruses upstream of the leader protein, to
study the proteolytic activity of 2APr and 3CP (21). Unfortunately, we could not use
these viruses to study the effects of the enterovirus proteases on SG formation, as EMCV
actively suppresses SG formation. It has been suggested that EMCV 3CPr° cleaves G3BP1
and that this prevents SG assembly, although this cleavage is observed only at very late
stages of infection (10 to 12 hpi) (40). In contrast, we and others did not observe G3BP1
cleavage in cells infected with either EMCV or Theiler's murine encephalomyelitis virus,
and instead provided extensive evidence that the leader protein has an essential role
in suppressing SG formation in cardiovirus-infected cells (11, 41, 42). As part of these
studies, we generated EMCV-L?", a mutant virus in which the leader protein is inacti-
vated by mutations that disrupt its zinc finger domain and that, as a consequence, can
no longer suppress SG formation. To investigate the role of enterovirus proteases in
suppressing SG formation, we therefore inserted in EMCV-L?" the gene encoding CV-B3
2APro (EMCV-2APro) or CV-B3 3CP™ (EMCV-3CP) (Fig. 3A). In parallel, we generated
EMCV-L?" encoding catalytically inactive mutants of CV-B3 2APre (EMCV-2Am, mutation
C109A) and 3CpPre (EMCV-3Cm, mutation C147A), allowing us to determine whether the
effects of 2AP and 3CP depend on their proteolytic activity. To ensure that CV-B3
2APre and 3CPre are active in the context of EMCV-L?" infection, we infected Hela cells
with the different chimeric EMCVs and performed Western blot analysis of elF4G, a
well-known 2Arre target, or G3BP1, a well-known 3CPre target (Fig. 3B). Indeed, infec-
tion with EMCV-2APre, but not EMCV-2Am, resulted in cleavage of elF4G, while infection
with EMCV-3CPre resulted in G3BP1 cleavage. No G3BP1 cleavage was observed in cells
infected with either EMCV-L?", which is consistent with our previous observations (11,
41, 42), or EMCV-3Cm.
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FIG 1 Multiple enteroviruses suppress SG formation. HeLa R19 cells were infected with EV-A71, CV-B3,
CV-A21, EV-D68, or EMCV-L?" at an MOI of 10, and cells were fixed at 4 or 6 hpi. Subsequently,
immunofluorescence staining was performed for the SG markers elF3 and G3BP2, and viral replication
was visualized by dsRNA staining.

Next, we determined the ability of EMCV-2AP™ and EMCV-3CP™ to suppress SG
formation. We infected Hela cells with the different chimeric EMCVs, fixed the cells at
4 or 8 hpi, and performed immunofluorescence staining for the SG markers elF3 and
G3BP2 and dsRNA to identify the infected cells (Fig. 3C). Infection with EMCV-2APre
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FIG 2 Overexpression of enterovirus 2Ar™ suppresses sodium arsenite-induced SGs. HeLa R19 cells were
transfected with plasmids encoding 2Arr or 3Cpre of CV-B3, EV-A71, or PV N-terminally fused to EGFP.
At 16 h posttransfection, cells were incubated with 500 uM sodium arsenite for 30 min. Subsequently,
immunofluorescence staining was performed for the SG markers G3BP1 and TIA-1.

resulted in the formation of some small SGs at 4 hpi. Importantly, we did not observe
these small SGs upon infection with the other chimeric EMCVs. This is consistent with
previous reports that overexpression of 2APr can induce the formation of some small
SGs (31, 37, 38), most likely through its activity to cleave elF4G and cause a host mRNA
translation shutoff. Intriguingly, as infection with EMCV-2AP™ progressed, these small
SGs disappeared and we did not observe any SGs at 8 hpi. A similar pattern of SGs that
first appear and subsequently disappear during the course of infection has frequently
been reported for enteroviruses (34-37). Infection with EMCV-2Am did not induce small
SGs at 4 hpi, nor did it suppress the formation of larger SGs at 8 hpi. This indicates that
the catalytic activity of 2APr is needed for both the induction of small SGs at 4 hpi and
the subsequent suppression of the formation of larger SGs. In contrast to 2APre
expression (EMCV-2Arre), heterologous expression of 3CPre (EMCV-3CP®) had a small
effect on SG formation. These data suggest that CV-B3 2APro, rather than CV-B3 3CPre,
is the main antagonist of SG formation.

To test whether 2APr® is also the main stress antagonist of enteroviruses belonging
to other species, we constructed EMCV-L?" viruses expressing either 2AP™ or 3CP™ from
EV-A71, CV-A21, and EV-D68 and determined whether these chimeric viruses were able
to suppress SG formation. HelLa cells were infected with these recombinant EMCVs, and
we visualized SGs by immunofluorescence staining. Subsequently, we quantified the
number of SGs per cell (Fig. 3D). The different 2APr°-expressing viruses all efficiently
reduced the number of SGs (~90%), whereas infection with the different 3Crro-
expressing viruses had a less pronounced effect on the number of SGs (~25 to 40%
reduction). Overall, our data demonstrate that both enterovirus proteases have an
effect on SG formation in Hela cells but that 2AP™ is the main antagonist of SG
formation and that this function is conserved among enteroviruses belonging to the
species EV-A to EV-D.

Expression of 2APr° restores the impaired replication of EMCV-LZ", EMCV-L?"
replication in Hela cells is predominantly restricted by the ISR (43). We next asked
whether heterologous expression of enterovirus 2AP, which efficiently suppressed SG
formation, restores the replication of EMCV-L?". To investigate this, we compared the
replication kinetics of EMCV-L%", EMCV-2AP™, and EMCV-3CP™ (encoding the CV-B3
proteases) in a multicycle infection. We infected Hela cells wild type (wt) for or deficient
in PKR (PKR knockout [k.0.]) at a low multiplicity of infection (MOI) and determined the
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FIG 3 Enterovirus 2APr suppresses SG formation in EMCV-infected cells. (A) Schematic representation of the EMCV-L?" genome encoding
2Arre or 3CPro, The endogenous stress response antagonist (leader) was inactivated by the insertion of point mutations in its Zn finger
domain (C19A/C22A), and subsequently, the genes encoding 2AP and 3CPr were introduced at the 5" end of the EMCV open reading
frame. UTR, untranslated region. (B) HeLa R19 cells were infected with EMCV-LZ", EMCV-2APro, EMCV-2Am, EMCV-3CPr°, or EMCV-3Cm at
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EMCV-2Am at an MOI of 10 and fixed at 8 hpi. Subsequently, the cells were stained with antibodies against dsRNA
and p-PKR or dsRNA and p-elF2« for flow cytometric analysis. Graphs represent the level of p-PKR or p-elF2« in

dsRNA-positive (infected) cells.

virus yields at 24 hpi (Fig. 3E). In agreement with previous results (39, 43), we observed
a strong defect in the replication of EMCV-L?" in wt cells but not in PKR k.o. cells,
confirming that replication in Hela cells is predominantly restricted by the ISR. EMCV-
2Arro replicated with a similar efficiency in both cell lines, illustrating that heterologous
expression of 2AP rescued EMCV-L?" replication by countering the antiviral function
of PKR-activated ISR. In contrast, expression of 3CP™ failed to rescue EMCV-LZ" repli-
cation. Collectively, these data point to an important antagonistic function of 2AP™ in
counteracting PKR-induced SG formation in virus-infected cells.

Enterovirus 2APr° does not affect PKR signaling. 2AP™ depends on its catalytic
activity to suppress SGs, which suggests that 2AP™ cleaves a cellular factor to suppress
SGs. 2APre does not cleave known structural SG components like G3BP1, G3BP2, or
TIA-1 (35, 37, 38). To investigate whether 2AP affects PKR signaling, we infected Hela
cells with EMCV-L%", EMCV-2AP™, or EMCV-2Am and determined the levels of phos-
phorylated PKR (p-PKR) and p-elF2« at 8 hpi by flow cytometry (Fig. 4). Infection with
EMCV-L?" activated the PKR signaling pathway, resulting in an increased level of p-PKR
and p-elF2q relative to that in mock-infected cells, consistent with previous results (43).
Infection with EMCV-2APr° and EMCV-2Am resulted in similar increases in p-PKR and
p-elF2a levels, demonstrating that 2AP™ does not affect the PKR signaling pathway.
Thus, it is unlikely that 2APr suppresses SG formation by cleaving a factor involved in
PKR signaling. How 2APr suppresses SG formation remains to be established.

Enterovirus 2APr° suppresses the induction of type I IFN gene transcription. In
addition to the ISR, enteroviruses are known to suppress the induction of type | IFNs
(11, 21-25). Indeed, infection of Hela cells with EV-A71, CV-B3, CV-A21, or PV did not
significantly induce the expression of IFN-B mRNA at 8 h p.i. (Fig. 5A). Various studies
have shown that both 2AP™ and 3CP™ can cleave proteins in the RLR signaling pathway
and, thus, may be involved in suppressing IFN-B gene transcription in infected cells
(21-27, 30, 44, 45). To evaluate the effect of the CV-B3 proteases on IFN-B mRNA
induction in infected cells, we infected Hela cells with EMCV-2AP™ or EMCV-3CPr and
determined the induction of IFN-B8 mRNA at 8 hpi by reverse transcription (RT)-
quantitative PCR (qPCR) analysis (Fig. 5B). As described previously (3, 11, 39), EMCV-L#"

FIG 3 Legend (Continued)

an MOI of 10, and cells were lysed at 8 hpi. Lysates were subjected to Western blot analysis for elF4G and G3BP1, and tubulin served as
a loading control. (C) HelLa R19 cells were infected with EMCV-L?", EMCV-2APr°, EMCV-2Am, EMCV-3CPr, or EMCV-3Cm at an MOI of 10,
and the cells were fixed at 4 or 8 hpi. Subsequently, immunofluorescence staining was performed for the SG markers elF3 and G3BP2. Viral
replication was visualized by dsRNA staining. (D) HeLa R19 cells were infected with EMCV-L?" encoding the 2ApP™ or 3CPr of EV-A71, CV-B3,
CV-A21, or EV-D68 at an MOI of 10 and fixed at 8 hpi. Subsequently, immunofluorescence staining was performed for G3BP1 and the
number of SGs per cell was analyzed for at least 50 cells per condition. (E) HeLa R19 cells wt for or deficient in PKR expression were infected
with EMCV, EMCV-LZ", EMCV-2APr, or EMCV-3CPre at an MOI of 0.01. At 24 hpi, samples were frozen and subjected to 3 freeze-thaw cycles.
Subsequently, the viral yield was determined by endpoint dilution on BHK21 cells. TCID50, 50% tissue culture infective dose.
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FIG 5 Enterovirus 2AP™ suppresses the induction of type | IFN gene expression. (A) HeLa R19 cells were infected
with the indicated viruses at an MOI of 10, and the cells were lysed at 8 hpi, total cellular RNA was isolated, and
RT-qPCR analysis was performed for IFN-$ and actin mRNA. (B, C, D) HeLa R19 cells were infected with CV-B3, EMCV,
EMCV-LZ", EMCV-2APre, EMCV-2Am, EMCV-3CPr°, or EMCV-3Cm at an MOI of 10, and the cells were lysed at 8 hpi,
total cellular RNA was isolated, and RT-gPCR analysis was performed for IFN-B, ISG56, MDAS5, and actin mRNA. (E)
HeLa R19 cells were infected with EMCV-L? encoding the 2Arr or 3Crre of EV-A71, CV-B3, CV-A21, or EV-D68 at
an MOI of 10, and the cells were lysed at 8 hpi, total cellular RNA was isolated, and RT-qPCR analysis was performed
for IFN-B and actin mRNA, as well as EMCV RNA. All graphs depict the fold induction of target gene mRNA levels
compared to the levels in mock-infected cells, after correction for actin mRNA levels, with the exception of EMCV
RNA, which is shown as the copy number per cell calculated from a plasmid standard. One-way ANOVA with the
Dunnett post hoc test was used to determine statistical significance compared to the results for EMCV-infected (A
to D) or EMCV-LZ -infected (E) cells (**, P < 0.01; ****, P < 0.0001). vVRNA, viral RNA.

failed to suppress the RLR signaling pathway and resulted in high IFN-8 mRNA levels.
In contrast, infection with EMCV-2AP hardly induced IFN-B mRNA levels, while infec-
tion with EMCV-2Am resulted in high IFN-8 mRNA levels, indicating that 2AP sup-
presses IFN-B gene transcription via its catalytic activity. Infection with EMCV-3Cpre
resulted in high levels of IFN-8 mRNA, indicating that 3CP™ is unable to suppress
RLR-mediated signaling in Hela cells. Collectively, these data suggest that enterovirus
2Arre is the viral protease that is responsible for suppressing IFN-$ gene transcription
in infected Hela cells.

We also tested the effect of 2APr and 3CPr on JAK-STAT signaling by investigating
the expression levels of ISGs. We determined the induction of 1ISG56 and MDA5 gene
transcription via RT-qPCR analysis (Fig. 5C and D). Consistent with the ability of 2Arr
to suppress IFN-B gene transcription, we did not observe an increase in the expression
of these I1SGs. 3CPre had no effect on the induction of IFN-B gene transcription (Fig. 5B),
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FIG 6 Two types of PKR k.o. MEFs are both deficient in SG formation but differ in IFN-B induction. (A) Schematic
representation of the PKR gene and the two different types of PKR k.o. MEFs used in this study. In the PKR KD k.o.
cells, a premature stop codon was introduced before the kinase domain. In the PKR RBD k.o. cells, the initial start
codon was removed, resulting in a PKR that lacks the RNA binding domain. (B) PKR Western blot analysis of lysates
of PKR k.o. MEFs and the corresponding wt MEFs. Numbers to the left of the gel are molecular masses (in
kilodaltons). (C) PKR k.o. and wt MEFs were infected with EMCV-LZ" at an MOI of 10, fixed at 8 hpi, and stained for
the SG marker G3BP1. (D) PKR k.o. and wt MEFs were infected with EMCV-LZ" at an MOI of 10 and lysed at 6 and/or
10 hpi. Total RNA was isolated and subjected to RT-gPCR analysis for IFN-B, actin mRNA, and EMCV RNA. IFN-B
mRNA is depicted as the fold induction of IFN-B8 mRNA levels compared to the levels in mock-infected cells, after
correction for actin mRNA levels. EMCV RNA is shown as the copy number per cell, calculated from a plasmid

standard. Two-way ANOVA with the Bonferroni post hoc test was used to calculate statistical significance

P < 0.001; ****, P < 0.0001).
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yet we observed an ~10-fold reduction in the expression of both 1SG56 and MDA5,
suggesting that 3CP affects JAK-STAT signaling rather than RLR signaling.

To determine whether the 2AP™ of other enteroviruses also suppress IFN- gene
transcription, we infected cells with EMCVs expressing 2AP or 3CP© from EV-A71,
CV-A21, and EV-D68 and determined IFN-B mRNA levels via RT-gPCR analysis (Fig. 5E).
Indeed, 2AP of these different enteroviruses suppressed IFN-B gene expression in the
context of EMCV, while 3CPre of these viruses did not. This demonstrates that the ability
of 2APre to suppress the induction of IFN-B gene expression is conserved among EV-A
to EV-D species members.

Inhibition of SG formation by 2Arre unlikely accounts for the inhibition of type
I IFN gene transcription. It has been suggested that SG formation is critical for the
induction of type I IFN (10, 40). This raised the possibility that 2APr suppresses the
induction of IFN-B mRNA via its ability to inhibit SG formation. To investigate the role
of SGs in the induction of type | IFN, we used PKR k.o. cells, which cannot form SGs. Two
types of PKR k.o. mouse embryo fibroblasts (MEFs) have been described (46-48); one
lacks the RNA binding domain (RBD) (PKR RBD k.o. MEFs), while the other lacks the
kinase domain (KD) (PKR KD k.o. MEFs) (Fig. 6A). Interestingly, while it was shown that
the PKR RBD k.o. cells fail to induce IFN expression (10), we previously observed only a
5- to 10-fold reduction in IFN-B mRNA levels in PKR KD k.o. MEFs (11). To better
understand these different results, we compared both types of PKR k.o. MEFs side by
side under identical experimental conditions. We confirmed that both cell lines ex-
pressed truncated PKR, determined using Western blot analysis (Fig. 6B), and that both
lost the ability to form SGs (Fig. 6C). Upon infection with EMCV-L?", the PKR RBD k.o.
cells showed no IFN-B mRNA induction, while the PKR KD k.o. cells showed only a
relatively small reduction (5- to 10-fold) in IFN-B mRNA levels. Why the two cell lines
yielded such different results remains to be elucidated. In addition to its role in the ISR,
PKR has been suggested to play a role in the MDA5 signaling pathway (49). Possibly, the
RBD is of greater importance for this function.
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The results described above did not provide a clear answer on the role of SGs in the
induction of type | IFN. Therefore, we studied the role of SGs in IFN-B induction via an
alternative, PKR-independent approach. To interfere with SG formation, we generated
Hela cells lacking expression of SG scaffolding protein G3BP1 and/or G3BP2 using the
CRISPR/Cas9 technology (Fig. 7A). To characterize our newly generated cell lines, we
determined whether they form SGs upon infection with EMCV-L?" or addition of
sodium arsenite (Fig. 7B). While deletion of G3BP1 had a small effect on SG formation,
G3BP1 and G3BP2 needed to be simultaneously depleted (G3BP1/2 k.0.) to prevent SG
formation, consistent with the findings of a previous small interfering RNA-based study
(50). To determine whether the PKR signaling pathway was affected by knocking out
G3BP1 and/or G3BP2, we infected the different k.o. cell lines and performed Western
blot analysis for PKR and p-PKR (Fig. 7C). Infection with EMCV-L?" resulted in the
phosphorylation of PKR in all cell lines, indicating that the signaling pathway was not
affected. Next, we determined the induction of IFN-$ gene transcription upon infection
with EMCV-L?" via RT-gPCR analysis (Fig. 7D). Only in the G3BP1/2 k.o. cells, which
cannot form SGs, did we observe 5- to 10-fold lower IFN-B mRNA levels at 6 and 8 hpi.
This reduction was similar to what we previously observed in the PKR KD k.o. MEFs.
Collectively our data suggest that while SGs contribute to the induction of IFN-8 mRNA,
they do not play a critical role. This implies that it is unlikely that the nearly complete
inhibition of type | IFN gene transcription by 2APr is due to its ability to suppress SG
formation.

DISCUSSION

To establish an infection, viruses must navigate an intricate network of antiviral host
responses. Enteroviruses suppress both SG formation and the induction of IFN-a/B.
Since both enterovirus 2AP™ and enterovirus 3CPr are essential for viral polyprotein
processing and virus replication, it is challenging to study the ability of these proteins
to suppress SGs during enterovirus infection by impairing their function. Therefore,
most previous work relies on overexpression data for 2AP™ and 3CPre. However,
overexpression of a viral protease may not accurately mimic its function during
infection (21), and this may explain the conflicting results on the role of these proteases
in antagonizing the ISR and the IFN-a/B pathway that have been reported. In this study,
we demonstrated that EV-A71, CV-B3, CV-A21, and EV-D68 suppress SG formation and
IFN-B gene transcription in Hela cells. To study the role of 2AP© and 3CPr in
suppressing SG formation and IFN-B gene transcription, we introduced the proteases of
CV-B3 in a recombinant EMCV isolate that was designed to efficiently activate antiviral
responses (EMCV-LZ"). We demonstrated that 2APr strongly inhibited SG formation and
IFN-B gene transcription in infected cells, suggesting that the cleavages mediated by
2APre are more important for suppressing antiviral host responses than those mediated
by 3Cpre, Using the same system, we showed that 2APr of EV-A71, CV-A21, and EV-D68
also suppressed SG formation and IFN-B gene transcription, indicating that the identity
of the antagonist is conserved among enteroviruses belonging to the species EV-A to
EV-D.

The ability of enteroviruses to suppress SG formation was initially attributed to the
cleavage of G3BP1 by 3CPr (34-36). In these studies, expression of a cleavage-resistant
G3BP1 (G3BP1Q326E) |ed to an increase in the number of SGs (34, 35) and a small
reduction in viral titers (34). We also observed that enterovirus 3CP had an effect on
SG formation, but enterovirus 2AP™ had a much stronger inhibitory effect on the
number of SGs. 2AP strongly inhibited the number of SGs during overexpression of
the protease and in the context of EMCV infection. While the manuscript for this article
was in preparation, another study also reported the essential role of 2Ar™ in the
suppression of SG formation (37). Importantly, in that study it was shown that an
EV-A71 mutant containing an internal ribosome entry site (IRES) between the P1 and P2
regions and a catalytically inactive 2AP™ was no longer able to suppress SG formation
(37). These data, combined with our data, strongly suggest that 2APr°, rather than 3Cpre,
is the major enterovirus antagonist of the ISR.
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FIG 7 SG formation-deficient HeLa G3BP1/2 k.o. cells show only a small impairment in IFN-S induction. (A) Lysates
of HeLa G3BP1 k.o., G3BP2 k.0., and G3BP1/2 k.o. cells were subjected to Western blot analysis for G3BP1, G3BP2,
and tubulin. (B) HeLa wt, G3BP1 k.0., G3BP2 k.o., and G3BP1/2 k.o. cells were infected with EMCV-LZ" at an MOI
of 10 or incubated with 500 uM sodium arsenite (NaArs). Cells were fixed at 8 hpi or 30 min after addition of sodium
arsenite, and SGs were visualized by immunofluorescence staining for G3BP1, elF3, and G3BP2. (C) HeLa wt, G3BP1 k.o.,
G3BP2 k.o., and G3BP1/2 k.o. cells were infected with EMCV-L?" at an MOI of 10 and lysed at 4, 6, and 8 hpi. Lysates
were subjected to Western blot analysis for PKR, phosphorylated PKR, and tubulin. (D) HeLa wt, G3BP1 k.o., G3BP2 k.o.
and G3BP1/2 k.o. cells were infected with EMCV-L?" at an MOI of 10 and lysed at 4, 6, and 8 hpi. Subsequently, RNA
was isolated and RT-gPCR analysis was performed for IFN-3, actin mRNA, and EMCV RNA. IFN-B mRNA is depicted as
the fold induction of IFN-8 mRNA levels compared to the levels in mock-infected cells, after correction for actin mRNA
levels. EMCV RNA is shown as the copy number per cell, calculated from a plasmid standard. Two-way ANOVA with
the Bonferroni post hoc test was used to calculate statistical significance (****, P < 0.0001). In panels A and C, numbers
to the left of the gels are molecular masses (in kilodaltons).

May 2019 Volume 93 Issue 10 e00222-19

Journal of Virology

jviasm.org 12

1Y23.11N Y23y1o1|gIgqsualisIaAlun 1e 020z ‘ST Arenuer uo /1o wse’IAl/:dny wouy papeojumog


https://jvi.asm.org
http://jvi.asm.org/

2APro Suppresses SG Formation and Type | IFN Induction

How 2APre suppresses the formation of SGs is unknown. Thus far, no cleavages of
known SG components (e.g., G3BP1, G3BP2, and TIA-1) by 2APr have been detected
(35, 37, 38). An alternative mechanism for viruses to prevent SG formation is to interfere
with the upstream PKR-dependent signaling (43, 51-55). However, this does not seem
to be the case for enteroviruses. It has been reported that PKR and elF2«a are phos-
phorylated during infection with several enteroviruses (37, 56-58), indicating that the
viruses do not block activation of the ISR. Consistently, we did not observe an effect of
2Arre on the phosphorylation of PKR and elF2«. Furthermore, 2AP™ can inhibit arsenite-
induced SG formation (Fig. 2) (37), which is triggered via activation of another elF2«
kinase. This suggests that 2ArP™ targets SG assembly. While this article was in the
submission process, it was reported that SG formation relies on a newly identified
interaction between elF4Gl and G3BP1 and that this interaction is targeted by 2Ar™ to
block SG formation (59). Whether 2AP™ also targets other protein-protein interactions
underlying SG formation remains to be established. Apart from this, it should be
considered that the direct cleavage of elF4G by 2APre contributes to the suppression of
SG formation. Cleavage of elF4G impairs the recruitment of 40S ribosomes to mRNAs,
thereby altering the composition of mRNPs, which, in turn, may affect their recruitment
to SGs. The observation that 2APre triggers SG formation by cleavage of elF4G (31, 37,
38) seems counterintuitive, but these 2Arro-induced SGs are smaller in size and differ
in composition from traditional SGs. Whether these small SGs fail to grow into tradi-
tional SGs because of the cleavage of elF4G by 2APr or the ability of 2APr to disrupt
the protein-protein interactions underlying SG formation, or both, remains unknown.

During enterovirus infection, several signaling molecules in the RLR pathway have
been suggested to be cleaved by 2AP (MDA5 and MAVS) and 3CPre (RIG-I, MAVS, IRF7,
and IRF9) (21, 23, 26, 27, 29, 44, 45). There are conflicting observations, and the question
remained of which, if any, of the identified cleavages is important for inhibiting IFN-a/3
gene transcription. For instance, several studies have shown that 3CPr°, when overex-
pressed, cleaves MAVS and suppresses IFN-a/B induction (24, 25), but we showed that
3Crro, when expressed by a recombinant EMCV, failed to cleave MAVS (21). Here, by
infecting cells with EMCV-L?" encoding 2APr or 3CPr°, we were able to study the effect
of these proteases on IFN-a/f mRNA levels in picornavirus-infected cells. The major
advantages of this approach are that MDA-5 is activated by a natural ligand (i.e. EMCV
dsRNA) and that the enterovirus protease (2AP™ or 3CP) is dynamically expressed
during infection, similar to enterovirus-infected cells. Using these recombinant viruses,
we demonstrate that enterovirus 2AP™, but not 3CPr°, suppresses the induction of
IFN-a/ 8 gene transcription in Hela cells. The possibility that 3CP, by cleaving RIG-I, has
some role in suppressing IFN-a/B gene transcription in other cell types cannot be
excluded. The exact mechanism(s) used by 2AP™ to inhibit IFN-a/B gene transcription
remains to be identified. We previously demonstrated that 2ArPr cleaves MDA5 and
MAVS (21). These cleavages are likely involved in the suppression of IFN-a/B induction,
but we cannot formally exclude the possibility of contributions of other 2ApPre-
dependent mechanisms. For instance, 2AP™ is known to affect nuclear-cytoplasmic
transport via the cleavage of nuclear pore proteins (NUPs) (60-63), which could
interfere with the translocation of transcription factors (such as IRF3, IRF7, and NF-«B)
to the nucleus. The 2APro-mediated inhibition of SG formation may also contribute to
suppress IFN-a/B induction. In this study, we showed that cells that cannot form SGs
(i.e., PKR KD k.o. MEFs and G3BP1/2 k.o. Hela cells) showed a 5- to 10-fold reduction in
IFN-B gene transcription. The observation that heterologous expression of 2AP during
EMCV infection (EMCV-2APr) nearly completely blocked IFN-B gene transcription
(~500-fold reduction) indicates that it is unlikely that suppression of SG formation by
2Arre is the major contributing factor in the viral suppression of IFN-B gene transcrip-
tion.

Besides 2A proteins as antagonists of antiviral responses, some picornaviruses (like
EMCV) also encode an L protein. Many 2A and L proteins have been shown to interfere
with antiviral host responses and have therefore collectively been referred to as
“security proteins” (64). Our work demonstrates that for enteroviruses, which lack an L
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protein, 2APre is essential for suppressing both SG formation and the induction of IFN-3
gene transcription, and we demonstrate that these two antagonizing functions are
conserved in 2Arre of different enteroviruses belonging to the species EV-A to EV-D.
These data support the idea that 2AP™ is a major enteroviral security protein.

MATERIALS AND METHODS

Cells and viruses. HeLa R19 and BHK21 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (vol/vol) fetal calf serum. PKR KD and RBD k.o. MEFs have been
described previously (46-48). HeLa R19 PKR k.o. cells have been described elsewhere (43). HeLa R19
G3BP1, G3BP2, and G3BP1/2 k.o. cells were made using the CRISPR/Cas9 methodology as described
previously (43, 65). G3BP1 was targeted with guide RNA (gRNA) sequences 5'-TAGTCCCCTGCTGGTCG
GGC-3’ and 5'-TATTACACACTGCTGAACC-3’, and G3BP2 was targeted with gRNA sequences 5'-CGCCC
TACAAGCAGCGG-3' and 5'-AAGCTCCGGAATATTTACAC-3'. EV-D68, EV-A71 (BrCr), and CV-A21 (Coe) were
obtained from the National Institute for Public Health and Environment (RIVM, The Netherlands). The
poliovirus 1 Sabin reference strain was obtained from J. Martin (NIBSC, United Kingdom). All enterovi-
ruses were passaged on Hela R19 cells and subsequently concentrated by ultracentrifugation through
a 30% sucrose cushion at 140,000 X g for 16 h in an SW32Ti rotor and stored at —80°C. Recombinant
EMCVs were generated by cloning the genes of interest into the Xhol/Notl restriction sites from the
pM16.1-VFETQG-Zn infectious clone, which was described previously (43). The Strep2 tag was omitted in
the viruses used in this study. Viruses were recovered by transfection of runoff RNA transcripts into
BHK-21 cells. Subsequently, viruses were concentrated by ultracentrifugation and stored at —80°C.

Expression plasmids. The 2Arr and 3Crre genes from different enteroviruses were obtained by PCR
of enterovirus viral RNA. The oligonucleotides used for these PCRs encode flanking Xhol and Notl
restriction sites that were used to ligate the PCR products into the desired plasmids. The 3CP genes
were ligated into the pcDNA-GFP vector, while the 2AP genes were ligated into the pIRES-EGFP-MCS
plasmid, both of which plasmids were described previously (42).

Antibodies. The following antibodies were used for immunofluorescence analysis (IFA) staining
procedures: anti-dsRNA (English & Scientific Consulting), anti-G3BP1 (Aviva Systems Biology), anti-G3BP2
(Bethyl Laboratories), anti-elF3 (Santa Cruz), and anti-TIA-1 (Santa Cruz). Alexa Fluor 488-, Alexa Fluor
594-, and Alexa Fluor 647-conjugated secondary antibodies (Invitrogen) were used for detection. For flow
cytometry staining, we used anti-dsRNA (English & Scientific Consulting), anti-p-PKR (Abcam), and
anti-p-elF2a (Abcam) antibodies and Alexa Fluor 488- or Alexa Fluor 647-conjugated (Invitrogen)
secondary antibodies. For Western blotting, we used the antibodies anti-G3BP1 (Aviva Systems Biology),
anti-elF4G (Bethyl Laboratories), anti-PKR (Santa Cruz), anti-p-PKR (Abcam) and anti-tubulin (Sigma).
Respective IRdye680- or IRdye800-conjugated secondary antibodies (LICOR) were used for detection.

Immunofluorescence analysis. HeLa R19 cells were grown on 12-mm glass coverslips and on the
next day infected with the viruses indicated above (MOI, 10) or transfected with 1 ug of the plasmids
indicated above using the FUGENE 6 reagent (Promega) according to the manufacturer’s instructions. At
the time points indicated above, the cells were washed in phosphate-buffered saline (PBS) before being
fixed in 4% paraformaldehyde for 30 min. Residual paraformaldehyde was washed away using PBS plus
10 mM glycine. Cells were permeabilized in PBS plus 0.1% Triton X-100 and subsequently incubated in
blocking buffer (PBS plus 0.1% Tween 20 and 3% bovine serum albumin [BSA]) for 2 h. All subsequent
steps were performed in blocking buffer. Samples were incubated with primary antibody for 1 h and
incubated with secondary antibodies and DAPI (4',6-diamidino-2-phenylindole) for 30 min. After anti-
body incubations, samples were washed three times with PBS plus 0.1% Tween 20. Before mounting
coverslips on microscopy slides with FluorSafe reagent (Calbiochem), they were washed once more in
Milli-Q water. Cells were examined by confocal microscopy (Leica SPE-Il) and Leica Application Suite
Advanced Fluorescence (LAS-AF) software.

Quantification of SGs. The number of SGs and their surface area in ~100 cells per condition were
analyzed by the use of ImagelJ software, using a combined total of 10 to 20 images. For each image, the
background signal was removed by creating a blurred duplicate and subtracting it from the original
image. Subsequently, the remaining diffuse (cytoplasmic) SG marker signal was removed via weak
blurring, adjustment of the contrast settings, and application of a black-and-white threshold. In the
resulting image, the number and average surface area of the SGs (shown in black on a white background)
were quantified. The macro used is available upon request. Subsequent statistical analyses were
performed using GraphPad Prism software. Error bars represent standard deviations, and P values were
calculated using one-way analysis of variance (ANOVA) analysis with the Bonferroni post hoc test
(infections with recombinant EMCVs).

Flow cytometry analysis. HeLa R19 cells were seeded in 12-well plates and on the next day were
infected with the indicated viruses (MOI, 10). A 6 hpi, cells were trypsinized and resuspended in
fluorescent-activated cell sorting (FACS) buffer (PBS plus 1% BSA). The cells were fixed for 30 min in 2%
paraformaldehyde in FACS buffer and subsequently fixed in ice-cold methanol for 10 min. All subsequent
steps were performed in FACS buffer. Cells were stained with primary antibodies for 1 h. Subsequently,
the cells were washed three times and incubated in secondary antibodies in the dark for 30 min. The cells
were washed three times and kept in 1% paraformaldehyde until analysis on a FACSCanto Il flow
cytometer (BD Biosciences) using BD FACSDiva software. Data analysis was performed using FlowJo
software (TreeStar).

Western blot analysis. HeLa R19 cells were seeded in 10-cm dishes and on the next day were
infected with the viruses indicated above (MOI, 10). At 8 hpi, cells were released using trypsin, washed
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once in PBS, and lysed in 100 ul lysis buffer (100 mM Tris, pH 8.0, T mM EDTA, 50 mM NaCl, 1% NP-40,
protease inhibitor mix [Roche]). Postnuclear lysate was obtained by centrifugation at 15,000 X g at 4°C
for 15 min. The amount of total protein in the lysates was determined using a bicinchoninic acid assay
(Thermo Fisher). Fifty micrograms of protein from the cleared cell lysates was resolved using reducing
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins were trans-
ferred to 0.2-um-pore-size nitrocellulose membranes by wet electrophoretic transfer. The membranes
were incubated for 1 h in blocking buffer (PBS plus 0.1% Tween 20 and 2% BSA), successively incubated
overnight with primary antibodies diluted in blocking buffer, and then incubated for 30 min with the
respective secondary antibodies diluted in blocking buffer. After the antibody incubations, the mem-
branes were washed three times with PBS plus 0.1% Tween 20. Finally, the membranes were washed
once with PBS and scanned using an Odyssey imager (LiCOR).

RT-PCR analysis. HeLa R19 cells were seeded in 24-well plates and on the next day were infected
with the indicated viruses at an MOI of 10. At 8 hpi, the cells were lysed and cellular RNA was isolated
using a total RNA isolation kit (Macherey-Nagel) according to the manufacturer’s instructions. Reverse
transcription was set up using TagMan reverse transcription reagents (Applied Biosystems) before
performing qPCR analysis with SYBR green (Roche) as described previously (43).
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