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Abstract

Enteroviruses are the most common human viral pathogens worldwide. This genus of small, non-
enveloped, single stranded RNA viruses includes coxsackievirus, rhinovirus, echovirus, and
poliovirus species. Infection with these viruses can induce mild symptoms that resemble the
common cold, but can also be associated with more severe syndromes such as poliomyelitis,
neurological diseases including aseptic meningitis and encephalitis, myocarditis, and the onset of
type | diabetes. In humans, polarized epithelial cells lining the respiratory and/or digestive tracts
represent the initial sites of infection by enteroviruses. Control of infection in the host is initiated
through the engagement of a variety of pattern recognition receptors (PRRs). PRRs act as the
sentinels of the innate immune system and serve to alert the host to the presence of a viral invader.
This review assembles the available data annotating the role of PRRs in the response to enteroviral
infection as well as the myriad ways by which enteroviruses both interrupt and manipulate PRR
signaling to enhance their own replication, thereby inducing human disease.
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1. Introduction

1.1 Enteroviruses

Enteroviruses (EVs), which include coxsackievirus, rhinovirus, echovirus, and poliovirus
species, are members of the picornavirus family. These small (~30nm), non-enveloped,
single stranded RNA viruses consisting of a genome of ~7kB are the most common human
viral pathogens worldwide [1, 2]. EVs, excluding rhinoviruses, are responsible for as many
as 15 million symptomatic infections in the United States every year [3] and are commonly
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associated with neurological disease. As many as 10-15% of encephalitis cases in the U.S.
and worldwide have been associated with non-poliovirus EV infections [4-7] and they are
the leading causative agents of aseptic meningitis worldwide [8]. Although EV-induced
CNS complications are more commonly associated with mortality in neonates and children,
adult infections can also lead to severe complications (particularly when the adult has not
been exposed to the EV serotype previously) [9]. Enterovirus 71 (EV71) has become an
important public health concern in recent years, especially in Asia, as its incidence has
increased in the region and the illness it causes is often associated with severe neurological
complications and/or death [10]. Importantly, EVs, particularly coxsackievirus B (CVB), are
also linked to the development of myocarditis with up to 50% of patients with myocarditis
displaying evidence of an EV infection [11-13]. Finally, EV infections, specifically CVB4,
have also been linked to the onset of type | diabetes [14-16]. In contrast, rhinoviruses are the
causative agent of over 50% of human viral-induced acute respiratory tract infections [17],
which are associated with nearly $40 billion in direct and indirect costs annually in the
United States alone [18].

Studies detailing how these medically relevant viruses interact with the host immune system
are described in this review, with a specific focus on how the innate immune system alerts
the body to the presence of an enteroviral invader and how enteroviruses have evolved to
attenuate this system in order to enhance their replication. In this review, we focus on the
non-rhinovirus EVs.

1.2 Pattern Recognition Receptor Signaling

It has long been appreciated that the innate immune response is necessary for the induction
of the subsequent adaptive immune response [19, 20]. Innate immunity to pathogens is
largely mediated by pattern recognition receptors (PRRs), which recognize a variety of
pathogen associated molecular patterns (PAMPS) that are highly conserved amongst classes
of pathogens [21]. During a viral infection, PRRs induce an intracellular signaling cascade
resulting in the alteration of the host cell’s transcription profile in response to recognition of
their cognate PAMP. Two major classes of transcription factors are activated in response to
this signaling: Interferon Regulatory Factors (IRFs) and NF-xB family members. These
transcription factors act in concert to induce the expression of type | interferons (IFN)[22].
These auto- and paracrine signaling molecules serve to upregulate a cadre of genes, known
as interferon stimulated genes (ISGs). The effects of type | IFNs and 1SGs are legion; they
are pro-inflammatory [23], enhance adaptive immunity [24], and are directly antiviral [25].
Additionally, NF-B activation induces a host of pro-inflammatory and pro-survival genes
independently of type | IFN induction [26-29] and may be required for full induction of type
I IFNs [27, 30].

Toll-like receptors (TLRs) 1-13 are transmembrane PRRs that recognize a diverse range of
PAMPs. TLRs can be divided into two broad categories—those that are localized to the cell
surface and those that are localized to the endosomal lumen. TLRs that are present on the
cell surface are important in recognition of bacterial pathogens. In contrast, TLRs that are
localized to the lumen of endosomes, TLRs 3, 7, 8, and 9, serve to recognize nucleic acids
and are thus traditionally thought to be the most important in the promotion of an antiviral
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response. TLR3 recognizes dsRNA and the synthetic dsRNA structural homolog poly(l:C)
[31]. TLR7 and TLR8 recognize ssRNA and imidazoquinoline compounds[32-35]. TLR9
recognizes unmethylated deoxycytidylate-phosphate-deoxyguanylate (CpG) DNA, found
almost exclusively in bacteria [36, 37].

In addition to TLRs, cytoplasmic PRRs exist and are divided into two main groups—the
NOD-like receptors (NLRs) and the RIG-I-like receptors (RLRs). There are three RLRs:
RIG-1, MDAS, and LGP2. RIG-I recognizes cytoplasmic short dsRNA and 5 ppp-
sSRNA[38-41]. MDADS binds the internal duplex structure of cytoplasmic long dsRNA and
cooperatively assembles into a filamentous oligomer composed of MDAS dimers [41-47].
The role of LGP2 has not been thoroughly elucidated. Early studies suggested that it acted
as a negative regulator of RIG-1 and MDA5[48-50]. However, further studies revealed that
LGP2 was essential for type | IFN response to picornavirus infections in mice and that
LGP2 with active helicase activity is required for IFN production in response to various
RNA viruses in dendritic cells (DCs) and mouse embryonic fibroblasts (MEFs)[51]. Further
studies of LGP2 have yielded equally disparate results, as both overexpression of chicken
LGP2 and knockdown of endogenous LGP2 in chicken cells resulted in reduced IFNB
production in response to avian influenza infection[52].

There are 22 human NLRs that can be further subdivided into five families: NLR families A,
B, C, P, and X. These families are structurally related. All NLRs have three domains: an N-
terminal domain involved in signaling, a nucleotide-binding NOD domain, and a C-terminal
leucine rich region (LRR) important for ligand recognition (reviewed in [53, 54]). The NLR
most traditionally associated with response to viral infection is NALP3, a member of the
NLRP family. NALP3, also known as cryopyrin, is a member of the NALP3 inflammasome,
which is responsible for the processing of the proinflammatory cytokine IL-1p to its mature
form[55]. NALP3 has been shown to be a sensor for bacterial peptidoglycans[56],
endogenous uric acid crystals (associated with gout)[57], bacterial RNA [58], and,
importantly, imidazoquinolines and viral RNA [58, 59]. Recent data has shown that NOD2,
a member of the NLRC family traditionally viewed as a sensor for bacterial muramyl
dipeptide[60, 61], also serves to sense viral sSSRNA[62]. Finally, there has been conflicting
data published on the role of NLRX1 in the negative regulation of RLR antiviral signaling,
with initial studies showing that the presence of NLRX1 dampens RLR signaling[63, 64],
but subsequent studies showing no role for NLRX1 in RLR signaling[65, 66].

As summarized above, the activation of various PRRs by PAMPs produced by viral
infection leads to an altered transcription profile of the infected cell. The induction of type |
IFN signaling is important for the control of EV infections in vivo, as evidenced by
enhanced EV-induced lethality in type | IFN receptor (IFN-R) null mice [67-69] and
increased viral susceptibility in IFN -deficient mice [70]. In addition, purified IFN treatment
of patients diagnosed with EV-induced myocarditis significantly improves cardiac function
[71], underscoring the role of this cytokine in the control of human EV infections. Below we
review what is known regarding the sensing of non-rhinovirus EVs and how these viruses
target a variety of components within both the TLR and RLR pathways to promote their
replication and/or spread.
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2. Recognition of enteroviral infections

The literature shows that TLRs, RLRs, and NLRs, the three broad categories of PRRs
described above, all play an important role in the sensing of EV infections. Below we
summarize these studies based upon the subtype of PRRs responsible for this sensing.

2.1 Toll-Like Receptors

TLR3 has been shown to play an essential and non-redundant role in the response to EVSs,
and may be considered the TLR identified as most critical in the control of EV infections.
TLR3-deficient mice exhibit significantly increased mortality in response to a dose of
coxsackievirus B4 (CVB4) that is sublethal in TLR3-expressing mice [72]. In addition, mice
deficient in TLR3 or TIR-domain-containing adaptor-inducing IFNB (TRIF), a key adaptor
in TLR3 signaling, are more susceptible to poliovirus (PV) infection, displaying increased
mortality and viral load which were correlated with an inability to produce type I IFNs [73,
74]. TLR3 also plays a protective role in restricting CVB3 infection in the heart as TLR37-
mice infected with CVB3 display increased mortality and myocarditis [75] due at least in
part to an increase in IL-4 in TLR3"- mice upon CVB3 infection and a subsequent shift from
a protective Th1 response to a Th2 response in the hearts of these mice [76, 77]. TRIF -
mice infected display increased viral replication in myocytes, decreased left ventricular
functioning, and increased cardiac fibrosis [78]. Further supporting a role for TLR3 in EV
innate immune signaling, human patients diagnosed with EV-induced myocarditis have
increased frequencies of two single-nucleotide polymorphisms (SNPs) in TLR3 which result
in variants that exhibit a reduced capacity to promote type | IFN and NF-xB signaling in
vitro in response to poly(I:C) or CVB3 infection [79]. This suggests that a reduced ability to
sense viral invasion through TLR3 results in an increased risk of developing virally induced
cardiac inflammation.

In addition to TLR3, several other TLRs have been shown to be important in the sensing of
EV infections. TLR4, which is localized to the cell surface, has also been shown to be
important in the detection of EVs, although it is mainly studied in the context of bacterial
pathogens. Infection with CVB4 is implicated in the development of type | diabetes, and the
damage to the pancreatic beta cells is thought to be mediated by pro-inflammatory
cytokines. It has been shown that TLR4 mediates the production of TNFa and IL-6 in
pancreatic cells infected with CVB4, suggesting a role for TLR4 in recognizing not only
bacterial LPS, but viral proteins as well [80]. Additionally, the level of TLR4 expression and
the level of EV RNA present in endomyocardial tissue of patients with myocarditis have
been shown to be positively correlated [81]. However, in contrast to the studies described
above related to TLR3 signaling, much less is known regarding the consequences of TLR4
signaling on EV infection in vivo.

The ssRNA sensors TLR7 and TLR8 have also been shown to play some role in the
induction of antiviral signaling in response to CVB3 infection, although their precise
function remains largely unclear [82-84]. TLR7 has been shown to be required in
plasmacytoid dendritic cells (pDCs), also known as interferon-producing cells because of
their role in producing copious amounts of type I IFNs [85], for the production of IFNa and
IL-12p40 in response to CVB3, although this role was dependent on CVB3 specific
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antibody-mediated opsonization of the virus [84]. It has been shown that knockdown of
endogenous TLR8 in primary human cardiac cells critically abrogates the capacity of those
cells to produce IL-6 in response to CVB3 infection [82]. This suggests that the damaging
cardiac inflammation seen in EV-induced myocarditis may be mediated through sensing of
viral RNA by TLR8. However, little is known regarding the role of these TLRs in the
control of EV infections in vivo.

2.2 RIG-I-like Receptors

Our initial understanding of RLR mediated recognition of EVs was based on the role of
RLRs in the detection of a related picornavirus, encephalomyocarditis virus (EMCV). As
picornaviruses do not generate 5"-ppp RNA, but instead utilize RNA covalently linked at the
5’ end to the VPg protein [86, 87](Figure 1), they are not expected to be recognized by
RIG-I1. Indeed, the RLR mediated recognition of EMCV occurs primarily through MDAS
[88, 89]. Further, loss of the mitochondrial antiviral-signaling protein (MAVS), a
downstream adaptor for RLRs, results in enhanced replication and deficient antiviral
signaling in response to EMCYV infection [90]. In addition, it has been shown that
recognition of EMCV infection by the RLR pathway is partially reliant on the amplification
of antiviral signaling mediated by RNase L as infection of RNase L-deficient mice with
EMCYV resulted in a decrease in serum IFNP as compared to wild-type controls [92]. RNase
L is an interferon-inducible antiviral endoribonuclease that has been shown to generate RNA
ligands from self-RNA for MDAS and RIG-I, enhancing antiviral signaling [91].

Further research into the role of RLRs in the recognition of the picornavirus EMCV showed
that mice deficient in LGP2 were unable to produce a Type | IFN response upon EMCV
infection. However, these same LGP2 deficient mice were resistant to lethal doses of VSV,
building further support for the role of LGP2 as both a positive and negative regulator of
RLR signaling [93].

More recent work confirms the role of MDADS in the recognition of picornaviruses and
conclusively shows that MDAS serves as the cytoplasmic sensor for EVs. In vitro, MDA5”-
MEFs but not RIG”- MEFS were unable to produce type | IFN in response to transfection of
CVB3 genomic RNA [94]. MDA5 mediated responses to CVB3 RNA, as well as that of
multiple other EVs, have been shown to be largely dependent on direct interaction of MDAS
with the dsRNA replicative intermediate form [45, 94], a dSRNA generated during genome
replication of EVs. The role of MDADS also seems relevant in vitro, as in one study both
MAVS and MDADS deficient mice showed increased mortality and decreased systemic and
tissue specific type | IFN upon CVB3 infection [95]. While a second study confirmed that
MDAS deficient mice were indeed more susceptible to CVB3 infection, as demonstrated by
increased mortality, this study found that MDAS seemed to be dispensable for production of
systemic IFNa and tissue specific IFNP in CVB3-infected mice [96]. These disparate results
may be due to differences in the MDA5- mice used in the studies: Wang et al [95] used an
MDAS5- mouse on a SvJ background whereas the strain used by Huhn et al [96] was on a
B6 background.

The role for MDAGS in the innate immune response to EV infections was further studied in
the setting of PV infections. MDADS, but not RIG-I, was found to be essential in vitro for the
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production of type | IFNs [74]. However, MDAS or MAVS deficient mice transgenically
expressing the PV receptor did not display increased mortality [73, 74], defects in IFNa
production, or enhanced viral replication [74] upon PV infections. This suggests that MDA5S
may be capable of sensing EV infections in vitro or in specific cell types, but that the TLR3/
TRIF pathway carries the main burden of EV recognition in vivo. EV71 infection has also
been shown to be sensed by MDADS in vitro, as loss of MDAS, but not RIG-I, was found to
result in a loss of IRF3 activation[97] and type | IFN production in response to EV71 RNA
[94, 97].

A link between the development of fulminant Type | diabetes and the sensing of EV
infection via RLRs has also been suggested. Both a.- and pB-cells in the pancreas of
fulminant type I diabetics with EV infection showed hyperexpression of RIG-I1 and MDA5
whereas non-fulminant diabetics without EV infections did not show this association [98].
However, the molecular basis for these results requires further study.

2.3 NOD-Like Receptors

Little is known regarding the role of NLRs in the sensing of EV infections. One study has
shown that NLRX1 hinders the association of MDA-5 with MAVS upon EMCYV infection
without affecting the level of type I IFN production [64]. The relevance of this to viral
infection is unclear, as is whether a similar function for NLRX1 is found during EV
infections. Additionally, recent work has shown that NALP3 is activated during EMCV
infection [99, 100]. This activation is proposed to be triggered by alterations in Ca2+
homeostasis induced by the EMCV viroporin 2B, and was also associated with EV71 and
PV 2B proteins [100].

3. Enteroviruses: Evading detection

Viruses have evolved various strategies to counter or bypass innate immune defenses in
order to promote their replication and/or spread. Viruses may accomplish this evasion in at
least two possible ways. First, viruses may avoid detection by directly disabling the PRR
mediated pathways described above. Alternatively, viruses may block the host response to
the transcriptional changes that result from PRR engagement by directly targeting antiviral
ISGs or rendering the host cells nonresponsive to type | IFNs. In reality, many viruses
possess the ability to avoid immune control through both of these strategies and may possess
further means of targeting antiviral signaling. In the following sections, the body of
literature regarding the strategies utilized by EVs to alter PRR-mediated signaling will be
summarized. Defining the mechanisms by which EV's manipulate host cell signaling
pathways in order to avoid detection by the innate immune system is an excellent means by
which to study the host innate immune system, as evolutionary pressure has ‘taught’ the
virus what key signaling pathways it must dismantle or manipulate in order to survive. We
as scientists can then, in turn, identify important host innate immune components that
restrict viral infection by identifying the molecules and/or pathways targeted by the virus.

During infection, the EV viral genome is translated as a precursor polyprotein that requires
proteolytic processing by the virally-encoded 2AP™ and 3CP' cysteine proteases (Figure 1).
These proteases preferentially target conserved consensus cleavage sites located throughout
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the viral polyprotein (Tyr-Gly for 2AP™ and Glu-Gly for 3CP©). In addition, these proteases
target a variety of host cell components that possess target cleavage sites (although there are
additional determinants for site cleavage which might include accessibility of the conserved
sites and/or cellular localization) [101]. There is a significant body of work detailing the
ability of the EV proteases 2AP'© or 3CP' to cleave a number of factors involved in host-cell
transcription and translation including eukaryotic initiation factor 4G (elF4-G)[102],
transcription factor I1IC (TFIIIC)[103], and the TATA-binding protein (TBP)[104] in
addition to many others. Although this is obviously a very broad attack on the host cell,
interfering with transcription and translation precludes production of type | IFN and 1SGs,
thus potently abrogating many downstream aspects of innate immune signaling. Further
studies have pointed to a direct role for both 2AP™ and 3CP™ in the potent attenuation of
many aspects of antiviral innate immune signaling by EVs. These strategies are detailed in
the following sections and summarized in Table 1 and Figure 2.

3.1 Evading TLR3 detection

As TLR3 has been identified as a key TLR for sensing EV infection (detailed in Section 2.1
above), it follows that EVs directly target this pathway in order to interrupt this arm of the
innate immune system. Several EVs render the key TLR3 adaptor molecule TRIF non-
functional. The CVB3 protease 3CP™ has been shown to cleave TRIF upon infection. These
CVB3-generated TRIF cleavage fragments were unable to induce NF-B signaling or
apoptosis, two roles of full-length TRIF [105]. In addition, 3CP™ encoded by EV71 also
cleaves TRIF, resulting in an inhibition of TRIF-mediated IFNB and NF-xB promoter
activation [106]. Additional components of the TLR3 pathway are also directly targeted by
CVB3 3CP' (Harris and Coyne, unpublished data) as a means of suppressing this key
pathway at multiple stages. Given the large relative contribution of this pathway in the
control of EV infections, it is not surprising that these viruses specifically target this
pathway at multiple, non-redundant points.

3.2 Evading RLR detection

PV infection has been shown to result in the cleavage of MDADS [107]. Interestingly, this
cleavage was not due to a virally-encoded protease, but instead was mediated by caspases
that were activated in response to viral infection. Perplexingly, this cleavage event may
enhance type | IFN signaling as induction of IFN was reduced in PV-infected cells treated
with a caspase inhibitor to block MDADS cleavage [107]. PV also targets the RLR adaptor
MAVS for cleavage in a caspase-dependent manner [108], suggesting that PV has evolved
mechanisms to utilize components of the host cell to directly target the RLR pathway.

MAVS is also targeted for cleavage by CVB3 3CP™ [105]. In this case, the 3CP'°-dependent
cleavage of MAVS attenuated IFN signaling and led to the generation of cleavage
fragments that were functionally deficient in NF-xB and type I IFN signaling when
compared to full-length MAVS [105]. CVB3 3CP' also targets the RLR signaling pathway
through direct cleavage of Focal Adhesion Kinase (FAK) which is recruited to mitochondria
upon viral infection and potentiates MAVS signaling by an as-yet-undefined mechanism
[109].
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EV71 also targets the RLR pathway at several points. The EV71 protease 2AP™ cleaves
MAVS during infection to abrogate downstream signaling [110]. EV71 3CP' also targets
the RLR pathway through a mechanism distinct from that of CVB3, functioning as a
structural inhibitor of recruitment of MAVS to RIG-I. This results in a failure of interferon
regulatory factor 3 (IRF3) to localize to the nucleus and consequently in a reduction in RIG-
| mediated IFNp expression [111]. The EV71 protease 3CP' also cleaves IRF7 directly
[112], thus suppressing IFN transcriptional induction. Further, in a manner similar to PV,
EV71-induced caspase activation results in the degradation of MDAGS [97]. Finally, EMCV
has also been shown to target the RLR pathway. EMCV infection results in cleavage of
RIG-I [113, 114]. This cleavage is mediated by both the EMCV encoded 3CP™ and host cell
caspases [114].

To our knowledge, no work has been published demonstrating the manipulation of the NLR
signaling pathways by EVs.

4. Conclusion

Despite their small size, EVs are adept at suppressing the host innate immune system
through a variety of highly evolved strategies. Both TLRs and RLRs have critical, well-
established roles to play in the recognition of EV infections. Further work is required to
determine what, if any, role NLRs might play in the recognition of EV infections. The study
of the targeting of the innate immune system by EVs has the potential to provide many
insights into novel components and pathways important in the control of antiviral innate
immune signaling.
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Figure 1. Schematic of the EV genome
The positive sense single stranded RNA genome undergoes IRES dependent translation into

a single polypeptide. This polypeptide is then processed into individual viral proteins by two
viral proteases: 2AP™ and 3CP™ (shown in red), as indicated by arrows. These viral
proteases also act upon a wide range of host cell proteins.
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EVs have evolved multiple mechanisms to attenuate and/or modulate PRR signaling at a
number of diverse stages. This results in a reduction of type | IFN production and/or NF-xB
mediated transcription and allows the virus to evade detection by the innate immune system.
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Table 1

A summary of EV mediated evasion of PRR signaling.

Enteroviral Protein Role in Attenuating Innate Immune Reference
Signaling

CVB3 3CPro Cleaves TRIF [105]
CVB3 3CP Cleaves MAVS [105]
CVB3 3CPro Cleaves FAK [109]
EV71 3CPro Cleaves TRIF [106]
EV71 3CPro Structurally inhibits MAVS recruitment to RIG-I [111]
EV71 3CPr© Cleaves IRF7 [112]
EV71 2APT Cleaves MAVS [110]
EV71 induced caspases Cleaves MDA5 [97]
PV induced caspases Cleaves MDA5S [107]
PV induced caspases Cleaves MAVS [108]
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