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Abstract

The RIG-I-like receptors (RLR) RIG-I, MDAS and LGP2 trigger innate immune responses against
viral infections that serve to limit virus replication and to stimulate adaptive immunity. RLRs are
cytosolic sensors for virus-derived RNA and thus responsible for intracellular immune
surveillance against infection. RLR signaling requires the adapter protein MAVS to induce type |
interferon, interferon-stimulated genes and proinflammatory cytokines. This review focusses on
the molecular and cell biological requirements for RLR signal transduction.

NIH Public Access

Author Manuscript

Published in final edited form as:
Adv Immunol. 2013 ; 117: 99-125. doi:10.1016/B978-0-12-410524-9.00004-9.

Intracellular pathogen detection by RIG-I-like receptors

Evelyn Dixit and Jonathan C. Kagan
Harvard Medical School and Division of Gastroenterology, Boston Children’s Hospital, Boston,
MA 02115, USA

General principles of the antiviral innate immune response

Viruses are obligate intracellular parasites and thus depend strictly on the biosynthetic
machinery of the host in order to replicate and spread. As a result, the virus-driven
exploitation of the host cell’s metabolic pathways and reprogramming of cellular processes
often lead to cell death. The struggle for survival between virus and host is ancient and as a
consequence both have evolved multiple strategies to antagonize each other. While
mammalian hosts developed sophisticated mechanisms of antiviral immunity, viruses
acquired strategies to evade the immune response. Therefore it is critical for the host to
mount an effective innate and adaptive immune response immediately upon infection in
order to successfully combat the pathogen.

The innate immune response constitutes the earliest phase of the host’s defense against
pathogens and will stimulate and modulate the later onset adaptive response (Palm and
Medzhitov, 2009). It operates through a set of germ line-encoded pattern recognition
receptors (PRR) that recognize pathogen-associated molecular patterns (PAMP) of viruses,
bacteria, fungi and protozoa. PAMPs are conserved within broad classes of pathogens. They
are typically products of biosynthetic pathways that are essential for the survival of the
pathogen and thus lack the potential for immune evasion through genetic variability
(Medzhitov, 2007). Owing to the panel of PAMPs that is recognized by PRRs, the innate
immune system achieves an impressively complete coverage of pathogens despite the
genetically limited number of available receptors. Engagement of antiviral PRRs by their
cognate PAMPs activates signaling pathways that lead to the production of defense factors
such as pro-inflammatory cytokines, type I interferons (IFN-a and IFN-B), or interferon
stimulated genes (ISG). ISGs induced by IFN secretion or cell-autonomously upon viral
infection collectively establish an antiviral state that limits viral replication and prevents
further spread of the infection (Katze, He and Gale, 2002).

Detection of viruses poses a particular challenge to the host as they lack features in line with
the postulated characteristics of PAMPS, i. e. invariant structures required for survival. With
few exceptions viral proteins are highly variable without being functionally compromised by
mutation. Moreover, viruses are obligate parasites relying on the host metabolism for their
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replication. The evolutionary solution to this problem is to recognize viral nucleic acids,
either virus genomes or replication intermediates. Undoubtedly, nucleic acid is not a PAMP
that is unique to viruses and thus virus detection comes at the cost of the potential for
autoimmunity (Barton and Kagan, 2009). Nucleic acid detection is accomplished by a
growing list of PRRs, namely the cytosolic RIG-I-like receptors (RLR) RIG-I1 and MDAS5
(Yoneyama et al., 2005; Yoneyama et al., 2004), the endosomal Toll-like receptors TLR3,
TLR7/8, TLR9 and TLR13 (Kawai and Akira, 2010), the I1fil6/cGAS/STING axis
(Ishikawa, Ma and Barber, 2009; Sun et al., 2012; Unterholzner et al., 2010; Wu et al.,
2012), and the AIM2 inflammasome (Burckstummer et al., 2009; Fernandes-Alnemri et al.,
2009; Hornung et al., 2009; Roberts et al., 2009). This review will focus on virus-induced
signaling by RIG-I like receptors; nucleic acid sensing by other receptor families is reviewed
elsewhere (Barbalat et al., 2011).

Il. RIG-I like receptors are RNA sensors

A. Common and distinct features of RIG-I like receptors and their signaling capabilities

RLRs detect RNA derived from RNA viruses and in some instances DNA viruses. In terms
of specificity and signaling output, RLRs are most similar to TLR3, as both detect viral
RNA and induce ISGs, type | IFN and proinflammatory cytokines (Alexopoulou et al.,
2001; Matsumoto et al., 2003; Schulz et al., 2005). However, there is a fundamental
conceptual difference in nucleic acid detection between TLRs and RLRs. The nucleic acid-
specific endosomal TLRs TLR3, TLR7/8 and TLR9 recognize extracellular nucleic acids
having reached the endosomes through endocytosis (Takeda and Akira, 2005), whereas
RLRs are cytosolic receptors required for detection of intracellular viral RNA from actively
replicating viruses (Kawai and Akira, 2006). As such, RLRs represent an indispensable
means for determining if a given cell is infected or not. In line with this key role in antiviral
immunity, RLR signaling operates in most cell types. In contrast, TLR expression is
restricted to specialized immune cells such as macrophages and dendritic cells. Even though
RLRs are expressed in plasmacytoid dendritic cells, TLRs but not RLRs are required for
IFN-a production in this cell type (Kato et al., 2005).

Three highly related proteins constitute the family of RLRs: The founding member RIG-I,
MDAS and LGP2. They are characterized by a central ATPase containing DExD/H box
helicase domain. RIG-1 and MDADS contain N-terminal tandem CARD domains that mediate
downstream signaling, whereas LGP2 lacks a CARD (Yoneyama et al., 2005; Yoneyama et
al., 2004). RIG-1 and LGP?2 also harbor a repressor domain (RD) in their C-terminal
regulatory domains (CTD) (Figure 1). Due to the presence of the RD in RIG-I, its
overexpression in the absence of an activating ligand does not result in signaling, whereas
MDAJS overexpression is sufficient to activate the pathway. In accordance with their domain
architecture RLRs lacking the CARDs have a dominant-negative phenotype. RIG-1 devoid
of the CTD or the N-terminal fragment comprising solely the CARDs signal constitutively
(Cui et al., 2008; Saito et al., 2007; Takahasi et al., 2008). All RLRs are present at low levels
in resting cells, but their expression is strongly induced by type I IFN creating a feed
forward loop for a robust antiviral response (Kang et al., 2004; Yoneyama et al., 2005;
Yoneyama et al., 2004).

Despite different ligand specificities for viral RNA, both RIG-1 and MDAS5 rely on the same
signaling cascade to trigger the expression of type I IFNs, ISGs and proinflammatory
cytokines (Yoneyama et al., 2005). The adapter protein MAVS (also known as IPS-1, VISA
and Cardif) (Kawai et al., 2005; Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005) acts
immediately downstream of the receptors and represents a node from which RLR signaling
branches in several directions in order to promote the activation of NF-xB through the
canonical IKKs IKK-a, IKK-$ and IKK-y, of ATF2/c-jun through MAPK activation and
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most importantly of members of the interferon regulatory factor (IRF) family of
transcription factors (Kawai et al., 2005; Meylan et al., 2005; Mikkelsen et al., 2009; Poeck
et al., 2010; Seth et al., 2005; Xu et al., 2005). IRF3 and IRF7 are the essential transcription
factors for IFN-B gene transcription, as activation of NF-xB and ATF-2/c-Jun alone is not
sufficient for IFN-B induction. Interestingly, in dendritic cells, IRF5 can also function to
promote IFN-B expression (Lazear et al., 2013). They reside in the cytosol in their latent
forms until viral infection activates the non-canonical IKKs TBK1 and IKK-i.
Phosphorylation of IRF3 and IRF7 by these kinases causes hetero- or homodimerization and
nuclear translocation. IRF3 and/or IRF7, NF-xB and ATF-2/c-Jun together with the
transcriptional coactivator CBP/p300 and the architectural protein HMG I(Y) assemble in an
enhanceosome to direct IFN- transcription (Hiscott, 2007; Honda, Takaoka and Taniguchi,
2006) (Figure 2).

Once IFN-B is secreted it binds to the IFN-a/p receptor (IFNAR) in an autocrine and
paracrine manner resulting in JAK-STAT signaling and thus expression of several hundred
ISGs by the ISGF3 transcription factor, which consists of STAT1, STAT2 and IRF9
(Platanias, 2005). However, despite their namesake, 1SGs may also be induced
independently of a preceding secretion of type I IFN (Collins, Noyce and Mossman, 2004;
Mossman et al., 2001). Many ISGs function as direct antiviral effectors, acting to prevent
viral genome replication, viral particle assembly, or virion release from infected cells.
Others encode components of signaling pathways such as receptors for pathogen recognition
or transcription factors resulting in a stronger IFN response and thereby creating a positive
feedback loop.

The role of LGP2 in antiviral immunity is less clear. LGP2 lacks a CARD domain (Figure
1). Devoid of a signaling domain, LGP2 was proposed to be a negative regulator of RLR
signaling. Overexpression of LGP2 does not activate IFN-f induction. On the contrary,
reduced IRF3 activation was observed when LGP2 overexpressing cells were infected with
Newecastle disease virus (NDV) (Rothenfusser et al., 2005; Yoneyama et al., 2005). In vivo
experiments with different lines of LGP2 deficient mice strongly contradict the previous
data generated by in vitro studies and implicate LGP2 as a positive regulator (Satoh et al.,
2010; Venkataraman et al., 2007). In the absence of LGP2, both RIG-1 and particularly
MDAJS5-dependent responses to RNA virus infection are impaired, whereas responses to
synthetic ligands of these RLRs are unaffected (Satoh et al., 2010). Presumably LGP2
facilitates binding of viral RNA — potentially in complex with protein — to its cognate
receptor, whereas the affinity of RIG-1 and MDAS is sufficiently strong to bind to “naked”
synthetic agonists. Structural analysis of the binding interface of RNA with the CTD of
RIG-1 supports this model, as it predicts weaker affinity of MDADS than RIG-I to its ligand
(Takahasi et al., 2009). In addition to confirming the role of LGP2 as a positive, yet non-
essential regulator of RLR signaling, a recent report implicates LGP2 as a cell-intrinsic
regulator of virus-specific CD8" T cell survival and effector functions. CD8*T cells are
crucial for controlling West Nile virus (WNV) pathology in the brain. LGP2 deficient mice
displayed higher viral burden, and significantly lower WNV-specific CD8" T cells in the
brain leading to increased mortality as compared to wild-type animals (Suthar et al., 2012).
Nonetheless further clarification is required to determine the role of LGP2 in RLR signaling.

B. Structural characteristics of synthetic RLR ligands

The two best characterized RLRs, RIG-1 and MDAS5, recognize structurally distinct RNA
species that have reached the cytosol by infection or by means of transfection. Being
cytosolic receptors, RIG-1 and MDAS do not respond to extracellular nucleic acid.

The RIG-I ligand comprises a RNA molecule with two features: i) a 5’-triphosphate
(Hornung et al., 2006; Pichlmair et al., 2006) and ii) base pairing at the 5’-end due to
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secondary RNA structures such as hairpin or panhandle conformations (Schlee et al., 2009;
Schmidt et al., 2009). Studies aimed at the characterization of molecular features of the RIG-
I ligand largely rely on in vitro transcripts. In vitro transcribed RNA by all known RNA
polymerases leaves a triphosphate at the 5” end of the transcript (pppRNA) (Schlee and
Hartmann, 2010). Transfection of pppRNA into monocytes resulted in robust IFN-a
secretion, whereas RNA lacking a triphosphate did not (Hornung et al., 2006). Similarly,
highly immunogenic RNA extracted from influenza-infected cells was rendered
nonstimulatory after phosphatase treatment (PichImair et al., 2006). However, a 5'-
triphosphate alone is not sufficient to mark a single-stranded (ss) RNA molecule as non-self
and to render it immunogenic. In support of this notion, synthetic 5’-triphosphate-ssRNA did
not activate RIG-I signaling. In contrast, when the same sSRNA molecule was generated by
in vitro transcription, it was stimulatory. Reverse cloning and sequencing of the latter RNA
species revealed the presence of sequences generated by self-coding intramolecular 3’-
extension leading to blunt ended RNA with complementary 5’ and 3’-ends. Thus aberrant in
vitro transcription products are responsible for the immunostimulatory properties of such
preparations. The minimal length of the 5’-base paired region was found to be 19 bp.
Furthermore, a 3’-overhang of 2 nt reduced the stimulatory activity by 70%, while no 5’-
overhang was tolerated (Schlee et al., 2009). Alternatively to 5’-base pairing, sequence
composition may contribute to the stimulatory potential of pppRNA. Hepatitis C virus
(HCV) genomic ssRNA is characterized by polyuridine motifs with interspersed C
nucleotides (referred to as poly-U/UC motifs) and a 5’-triphosphate. Deletion of the poly-U/
UC motif abrogated the stimulatory activity of HCV genomic RNA (Saito et al., 2008; Uzri
and Gehrke, 2009). Thus both panhandle structures and poly-U/UC may serve as a
secondary PAMP for pppRNA. However, short synthetic double-stranded (ds) RNA without
a 5’-triphosphate was reported to activate RIG-I as well (Kato et al., 2008; Takahasi et al.,
2008). Notably, the antiviral protein RNaseL, can cleave ssSRNA of virus or host origin and
thereby generate short (200 nt) ligands devoid of a 5’-triphosphate for RIG-1 and MDA5
(Malathi et al., 2007). The molecular features responsible for the immunogenicity of
RNaselL-generated ligands have not been identified.

The molecular nature of the MDADS ligand remains poorly characterized. The stereotypic
MDAS agonist is poly I:C (Gitlin et al., 2006; Kato et al., 2006), a synthetic RNA molecule
lacking 5’-triphosphates that is generated by annealing of poly-inosine strands to poly-
cytidine strands of various lengths. Thus polyl:C contains an ill-defined mix of ramified ds
and ssRNA. Size fractionation of polyl:C revealed that MDAS responds to high molecular
weight (HMW) polyl:C, whereas polyl:C shorter than 1000 nucleotides acts as a RIG-I
agonist (Kato et al., 2008). Size fractionation of total RNA isolated fom
encephalomyocarditis virus (EMCV)-infected cells yielded a prominent dSRNA fraction of
11 kb and an even larger molecular weight RNA aggregate with variable ss and dsSRNA
content. Of note only the RNA aggregate, but not the dsSRNA stimulated MDADS activity.
Furthermore, this fraction required its intact secondary and tertiary structure to remain fully
active (Pichlmair et al., 2009). Thus MDADS preferentially binds to high molecular weight
dsRNA that presumably adopts a weblike conformation much like the synthetic RNA analog
polyl:C.

The structural features of viral RNA that are displayed by a given virus depend on its
replication cycle. As a consequence, the different ligand specificities of RIG-1 and MDA5
are reflected by the largely non-overlapping pattern of virus susceptibility of mice deficient
in either of the two RLRs. RIG-1 is required for innate responses to many ssRNA viruses.
The best studied examples among these are the negative-stranded viruses of the
orthomyxoviridae e.g. influenza A and B virus, paramyxoviridae e. g. Newcastle disease
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virus (NDV), Sendai virus (SeV), respiratory syncytial virus (RSV) and measles virus and
rhabdoviridae e. g. vesicular stomatitis virus (VSV) and rabies virus (Hornung et al., 2006;
Kato et al., 2006; Loo et al., 2008; Plumet et al., 2007). Moreover, detection of positive-
stranded flaviviruses including hepatitis C virus (HCV) and Japanese encephalitis virus
(JEV) is RIG-I-dependent (Kato et al., 2006; Saito et al., 2007; Sumpter et al., 2005). In
addition, recognition of cytoplasmic DNA can also feed into the RIG-I pathway. RIG-I does
not detect DNA directly, but can do so after RNA polymerase I1l-mediated transcription of
AT-rich DNA. IFN induction in response to infection with DNA viruses such as adenovirus,
herpes simplex Virus-1 (HSV-1) and Epstein-Barr virus (EBV) relies on this pathway
(Ablasser et al., 2009; Chiu, Macmillan and Chen, 2009; Samanta et al., 2006). MDAJ5 is
required for protection against picornaviruses such as encephalomyocarditis virus (EMCV),
Theiler’s virus, mengovirus, murine norovirus and murine hepatitis virus (Gitlin et al., 2006;
Kato et al., 2006; McCartney et al., 2008; Roth-Cross, Bender and Weiss, 2008). Similarly
to RIG-I, MDAGS has also been implicated in DNA virus detection. Vaccinia virus, a dSSDNA
virus of the poxvirus family, activates MDADS via a yet to be characterized mechanism
(Pichlmair et al., 2009). Some viruses like West Nile virus (WNV), Dengue virus, reovirus
and lymphocytic choriomeningitis virus (LCMV) (Fredericksen et al., 2008; Loo et al.,
2008; Zhou et al., 2010) trigger both RIG-1- and MDA5-dependent innate immune
responses. RLR-dependence of the aforementioned viruses was determined by infection of
different RLR-deficient cell types or mice with purified virions and is summarized in table
1.

Various bacteria including Francisella tularensis, Mycobacteria tuberculosis, Brucella
abortis, group B streptococcus (GBS), Listeria monocytogenes and Legionella pneumophila
have been shown to induce type | IFN in a TLR-independent manner (Charrel-Dennis et al.,
2008; Henry et al., 2007; O’Riordan et al., 2002; Opitz et al., 2006; Roux et al., 2007;
Stanley et al., 2007; Stetson and Medzhitov, 2006). While it is well appreciated that viral
replication is inhibited by type I IFN, the role of IFN in bacterial infections is less clear, €. g.
IFN has a protective effect during GBS infection (Mancuso et al., 2007), whereas it is
disadvantageous during Listeria infection (Auerbuch et al., 2004; Carrero, Calderon and
Unanue, 2004; O’Connell et al., 2004). Even less clear is which bacterial ligands and host
receptors trigger IFN secretion.

The intracellular gram-negative bacterium Legionella pneumophila infects macrophages and
causes Legionnaires® disease. IFN-B induction in lung epithelial cells and macrophages
depends on MAVS (Monroe, McWhirter and Vance, 2009; Opitz et al., 2006). However, the
signaling events upstream of MAVS activation are a matter of debate. Chiu et al. propose
that AT-rich DNA reaches the host cytosol and is transcribed into an RNA-ligand for RIG-I
in a RNA polymerase Ill1-dependent manner (Chiu, Macmillan and Chen, 2009). In contrast,
Monroe et al. argue that the IFN response to Legionella genomic DNA does not require
MAVS in mouse macrophages as MAVS-deficient and wild-type macrophages display
comparable levels of IFN. Instead their data supports a model where Legionella RNA is
directly detected by both RIG-I and MDAS as macrophages deficient in either receptor
display a partial phenotype (Monroe, McWhirter and Vance, 2009).

Shigella flexneri, the causative agent of bacillary dysentery, infects macrophages of the
colonic epithelium and rapidly induces cell death by pyroptosis. Escaping bacteria invade
colonic epithelial cells where they replicate in the cytosol. Type Il IFN-y is critical for
inhibiting S flexneri cytosolic growth. It is at this stage that IFN-y exerts its antimicrobial
effect through RIG-I signaling in non-myeloid cells. Both RIG-1-deficient and MAVS-
deficient mouse embryonic fibroblasts failed to restrict IFN-y dependent S. flexneri
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replication. Inhibition of RNA polymerase 111 also reduced the antimicrobial effect of IFN-y
suggesting that RIG-I signaling is triggered by RNA polymerase 111-generated RNA
mediates. Interestingly, type I IFN induction is not required for this effect as IFNAR-
deficient mouse embryonic fibroblasts (MEF) that are completely unresponsive to type |
IFNs do not impair IFN-y-mediated growth inhibition of S. flexneri. In contrast, in primary
macrophages, RIG-I signaling is dispensable for IFN-y mediated growth arrest (Jehl et al.,
2012). These findings underscore the importance of the interplay of distinct innate immunity
pathways in order to successfully combat pathogens.

lll. RIG-I activation and receptor proximal signal propagation

RLR activation is a multi-stage process that requires a well coordinated interplay of
receptor, ligand, and several accessory proteins. In contrast to RIG-I, the specific
requirements for efficient MDADS activation are unclea, but it stands to reason that both
proinflammatory RLRs follow a similar mechanism. As exemplified by RIG-I our current
understanding of this process involves the following sequence of events: 1. In resting cells
RIG-1 adopts a closed conformation resulting in an autoinhibited (non-signaling) state. 2.
pppRNA binding to RIG-I induces conformational changes that lead to dimerization and
exposure of CARDs in the open conformation. 3. Dephosphorylation of RIG-I and TRIM25-
dependent ubiquitination events fully activate the signaling capability of RIG-1, 4. RIG-I
associates with MAVS in a CARD-dependent manner. 5. MAVS accumulates in signaling
aggregates by a prion-like mechanism.

In the absence of infection RIG-1 is kept in an autoinhibited state by intramolecular
interactions between the CARDs and the helicase domain, which sterically hinders RNA
binding to the helicase domain and prevents the CARDs from signaling (Kowalinski et al.,
2011; Saito et al., 2007). Accordingly, the N-terminus of RIG-I comprising the 2 CARDs
has a constitutively active phenotype when overexpressed (Yoneyama et al., 2004).
Furthermore, phosphorylation of threonine 170 (and serine 8 in primate orthologs) by PKC-
a and PKC-p suppresses RIG-I activity at steady state (Gack et al., 2010; Maharaj et al.,
2012; Nistal-Villan et al., 2010).

Only upon ligand binding does the closed conformation open up to facilitate downstream
signaling by the CARDs. Biochemical studies have identified the CTD as the sensor for
pppRNA. Receptor-ligand interactions were examined by measuring ATPase activity of
purified deletion mutants of RIG-I lacking either the CARDs (ACARD), the CTD (ACTD)
or both (helicase) in response to treatment with a panel of RNA ligands derived from the
rabies virus leader (RVL) sequence, i.e. pppRNA (pppRVL), non-phosphorylated ssSRNA
(ssRVL) as well as dsRNA (dsRVL). ssRVL did not activate ATPase activity in any of the
RIG-I variants. pppRVL strongly stimulated ATPase activity of wild-type RIG-I. Deletion
of the CARDs did not interfere with pppRVL-stimulated ATPase activity. Neither the
helicase domain alone nor RIG-I lacking the CTD displayed ATPase activity in response to
pppRVL. dsRNA weakly stimulated wild-type RIG-1 and the isolated helicase domain. Of
note, dsRNA activated ACARD more efficiently than pppRVL achieving ATPase activity
levels comparable to wild-type RIG-1 in complex with pppRVL. These findings suggest that
the CARDs inhibit dsSRNA binding in an inactive conformation while CTD promotes
pppRVL binding in an active conformation. Further binding studies clearly demonstrated
that the pppRNA binding site resides within the CTD. X-ray crystallography of the CTD
revealed 2 features that are required for pppRNA binding: 1. a zinc coordination site
comprised of four highly conserved cystidine residues (C810, C813, C864, C869). These
cystidines are conserved in a paralogous and orthologous manner within the family of RLRs.
2. a conserved groove with a positively charged patch at the center of which a RIG-I
invariant lysine is located (K888) (Cui et al., 2008).
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Chrystallographic structures of RIG-I give detailed insight into the conformational changes
triggered by ligand binding and required for signal initiation. The structural data suggests a
model where in the autorepressed state the CTD is devoid of intramolecular interactions and
thus can freely engage in pppRNA binding. This initial event increases the local RNA
concentration and leads to cooperative binding of RNA and ATP to the helicase domain
resulting in dramatic rearrangements within the helicase domain that are orchestrated by the
pincher domain that connects the helicase domain with the CTD. The helicase domain and
the CTD completely surround the RNA clasping onto the helix by numerous intermolecular
interactions. This channel covers 9-10 bp along the RNA. Longer RNA molecules allow the
binding of two RIG-I monomers simultaneously. However, this apparent dimerization is
devoid of a a protein-protein interface but much rather reflects an RNA guided
oligomerization (Kowalinski et al., 2011; Luo et al., 2011). In line with the structural data of
RNA bound RIG-I full-length RIG-I but not the ACTD mutant or MDAS eluted as dimers
after gelfiltration when incubated with pppRNA (Cui et al., 2008).

Downstream signaling by ligand-activated RIG-I is achieved by the N-terminal tandem
CARD:s. Deletion of the CARDs results in a dominant negative phenotype of RIG-I
(Yoneyama et al., 2004). Huh7.5 cells, a subpopulation of the hepatocyte cell line Huh7 that
is characterized by a threonine to isoleucine mutation at position 55 (T55I) in the first
CARD of RIG-I, fail to respond to HCV infection. As a consequence the absence of a
functional antiviral response creates conditions permissive for HCV replication in Huh7.5
(Sumpter et al., 2005). The T551 mutant interferes with binding of the TRIM25 E3 ubigitin
ligase that is required for activation of RIG-I signaling. Gack et al demonstrated that
TRIM25 binds to the first CARD domain via its SPRY domain. Prerequisite for TRIM25
binding is dephosphorylation of RIG-I at T170 (and S8 in primates) by an unidentified
phosphatase. The phosphomimetic mutation T170E abrogated binding of TRIM25 to RIG-I
and interfered with downstream signaling events and antiviral actvity of RIG-I (Gack et al.,
2010). TRIM25 transfers K63-linked ubiquitin moieties to the lysine 172 residue (K172)
within the second CARD using its RING domain. Oligomerization of RIG-1 with the adapter
protein MAVS critically depends on this modification. Accordingly, TRIM25-deficient
MEFs do not secrete IFN- after SeV infection. The absence of antiviral defenses is
reflected by markedly higher viral titers upon VSV infection (Gack et al., 2007). Although
TRIM25 does not attach ubiquitin moieties to MDAS, polyubiquitin binding by MDAS is
required for its signaling functions (Jiang et al., 2012).

The requirement for ubigitination of RIG-I for initiation of downstream signaling was
challenged by a study using a cell-free system to identify the minimal components for RIG-I
signal transduction. The RIG-I pathway was reconstituted in a mixture containing affinity-
purified RIG-I, crude mitochondria and peroxisomes (containing the adapter MAVS),
cytosolic extracts (containing TBK1), in vitro synthesized transcription factor IRF3 and
ATP. RIG-I activation was quantified by measurement of dimerization of IRF3, a read-out
for its activation. With this in vitro assay in place, the authors recapitulated key aspects of
RIG-1 signaling and revealed new regulatory mechanisms. IRF3 activation required MAVS
and TRIM25 as depletion of these proteins by RNAI interfered with IRF3 dimerization.
RIG-1 needed to be isolated from virus-infected cells, to be activated by RNA ligand in vitro
or be present as an N-terminal CARD fragment for IRF3 activation to occur. The
ubiquitination machinery responsible for RIG-I activation was shown to be comprised of E1,
the E2 Ubc5 and Ubc13 and the E3 TRIM25 as the mitochondrial fraction of virus-infected
cells depleted from Ubc5 (isoform b and c) and Ubc13 no longer elicited IRF3 dimerization.
In line with the notion that Ubc13 is specific for synthesis of lysine 63 (K63)-linked
ubiquitin and previous findings on the importance of K63-linked polyubiquitin for RIG-I
activation, ubiquitin proteins with a sole lysine residue at position 63 were capable to
activate the pathway in the cell-free in vitro system (Zeng et al., 2010).
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Thus a requirement for both TRIM25 and K63-linked ubiquitin for IFN- induction by RIG-
I were confirmed in this experimental setup. The major discrepancy between the studies by
Gack et al. and Zeng et al. is the attachment of polyubiquitin. While in the former study
covalent linkage to the K172 residue of RIG-I was proposed, the latter study suggests that
unanchored polyubiquitin chains serve as essential cofactors for RIG-1 activation. Two
major lines of evidence support this proposition: 1. RIG-I CARDs isolated from E. coli that
lack an ubiquitination system activated IRF3 when ubiquitin polymers were added to the
cell-free system. 2. Endogenous polyubiquitin was co-precipitated with RIG-I CARDs from
mammalian cells and subsequently recovered from the complex by selective heat
denaturation. This preparation promoted IRF3 dimerization, but lost its activity when treated
with the deubiquitination enzyme IsoT. Even though the K172 residue is not required as an
acceptor for ubiquitination in this situation, its relevance for RIG-I signaling remains
undisputed as it is critical for the binding affinity to polyubiquitin (Zeng et al., 2010).

Both RIG-I and MDADS signaling depends on the adapter protein MAVS to link receptor
activity to the downstream kinases TBK1 and IKK-i (Figure 2). MAVS is a 540 aa protein
comprised of a N-terminal CARD domain, a central proline-rich region (Pro) and a C-
terminal transmembrane domain (TM) (Seth et al., 2005) (Figure 1). While the
transmembrane domain targets the adapter to its proper subcellular locations (mitochondria,
peroxisomes and mitochondria-associated membranes (MAM), see section IV.B.), the
CARD domain is required for signaling (Dixit et al., 2010; Horner et al., 2011; Seth et al.,
2005). When MAVS was initially characterized as an RLR signaling adapter, the authors
noted that viral infection results in formation of detergent resistant aggregates (Seth et al.,
2005). Recent studies by the same group defined these aggregates as highly organized, self-
propagating prion-like fibrils. Using the cell-free system for in vitro reconstitution of RLR
signaling as described earlier, complexes of MAVS larger than the 26S proteasome were
detected 9 hours after SeV infection which coincided with IRF3 dimerization. These
complexes displayed several features characteristic for prions: 1. The MAVS CARD is
necessary and sufficient for formation of fiber-like structures as determined by electron
microscopy. 2. These fibrils are resistant to protease K treatment and detergent
solubilisation. 3. Protease resistant fibrils convert MAVS on mitochondria that were
extracted from uninfected cells into functional aggregates leading to IRF3 activation.
Interestingly however, these MAVS aggregated did not stain with Congo Red, a dye that
typically stains “classic” prion structures (chen prion paper). Conversely, mitochondria
depleted of MAVS by RNAI prior to extraction did not result in IRF3 dimerization.
Importantly, MAVS aggregates form within minutes upon activation of RLR signaling in the
cell-fee reconstitution assay indicating that prion-like MAVS fibrils are a bona fide
determinant of the MAVS activation status (Hou et al., 2011).

IV. Regulatory mechanisms of RIG-I signaling

A. Regulators of RLR signaling

Several proteins regulate RLR signaling along the pathway in order to tailor the response.
Various E3 ubiquitin ligases regulate RIG-1 activity. TRIM25 as discussed in section Il1. and
Riplet (also known as RNF135 or REUL) positively regulate RIG-I activity through K63-
linked ubiquitination at its N- or C- terminus, respectively (Gack et al., 2007; Gao et al.,
2009; Oshiumi et al., 2009; Oshiumi et al., 2010). In contrast RNF125 mediates K48-linked
ubigitination that targets RIG-1 for degradation and thus acts as a negative regulator
(Arimoto et al., 2007). Recently, ZAPS was identified as a cofactor for RIG-I signaling.
ZAPS is a member of the poly (ADP-ribose) polymerase (PARP) family, but lacks the
PARP-like domain present in ZAPS due to alternative splicing. ZAPS was shown to directly
associate with RIG-I in a ligand-dependent manner and to amplify downstream signaling
events such as activation of the transcription factors IRF3 and NF-«xB and induction of type |
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IFN. As a result ZAPS inhibited viral replication after infection with RIG-1-dependent
viruses like influenza virus or NDV (Hayakawa et al., 2011). While a continuously growing
number of accessory proteins that modify RIG-I signaling activity emerges, the interplay
between these proteins, the order in which they act upon RIG-1 and their relative
significance for signaling output remain elusive until further systematic studies are done to
address these questions.

NLRX1 (also known as Nod9) was proposed to control RLR signal transduction at the level
of MAVS, however its role is a matter of debate. NLRX1 was reported to reside at the outer
mitochondrial membrane from where it physically disrupts the virus-induced RLR-MAVS
interaction (Moore et al., 2008) (Figure 2). Alternatively, NLRX1 was found to be localized
within the mitochondrial matrix which deems impossible the proposed function as a direct
interactor of MAVS to modulate its activity. Rather it was shown that NLRX1 promotes the
generation of reactive oxygen species (ROS) (Arnoult et al., 2009; Tattoli et al., 2008).
Interestingly, several lines of evidence implicate ROS as modulators of RLR signaling. Cells
deficient in autophagy accumulate dysfunctional mitochondria which entails increased ROS
levels and display enhanced RLR signaling. Treatment with antioxidant reverses the effect
(Tal et al., 2009). Conversely, mitochondrial uncoupling — a process by which ROS
generation is decreased — reduced RLR signaling (Koshiba et al., 2011). Additional research
is required to delineate the mechanism by which ROS regulate RLR-dependent antiviral
responses.

STING (also known as MITA, MPYS or ERIS) (Ishikawa and Barber, 2008; Jin et al., 2011;
Sun et al., 2009; Zhong et al., 2008) was originally identified as a regulator of RIG-I
signaling owing to its ability to directly bind to RIG-I, MAVS and TBK1 and to and its
knockout phenotype. Overexpression of the constitutively active fragment of RIG-I failed to
induce IFN in STING-deficient MEFs. Moreover, VSV infection of STING-deficient mice
resulted in significantly poorer survival rates and lower type | IFN serum levels relative to
control littermates. It is of note that the response to transfected polyl:C remained unchanged
in the absence of STING (Ishikawa, Ma and Barber, 2009). While STING was shown to
play an undisputed role in the IFN response to cytosolic DNA from viruses or synthetic
agonists, its implication in RLR signaling may not be essential.

B. Regulation of RLR signal transduction by subcellular compartmentalization

All three receptors of the RLR family are cytosolic proteins, and they have not been found to
be associated with any subcellular structure at steady state. However, several signaling
components downstream of the receptors are membrane proteins whose functional domains
project into the cytosol from the surface of the respective organelles. More importantly,
proper localization of these proteins is a prerequisite for their biological activity. The best
characterized example is the adapter protein MAVS. MAVS resides on the outer
mitochondrial membrane (Seth et al., 2005), peroxisomes (Dixit et al., 2010) and
mitochondria-associated membranes (MAM) (Horner et al., 2011), a specialized subdomain
of the ER that connects mitochondria and peroxisomes (Hayashi et al., 2009; Vance, 1990).
Peroxisomal and mitochondrial MAVS both signal to induce 1SG expression in MEFs.
While mitochondrial MAVS induces type | IFN and as a consequence ISG expression in
response to reovirus and influenza virus infection, peroxisomal MAVS directly induces ISG
expression which creates a transient yet functional antiviral state. The lack of type I IFN
induction by peroxisomal MAVS was also observed in macrophages. Unlike MEFs,
macrophages upregulate not only expression of 1SGs but also proinflammatory cytokines
after reovirus infection (Dixit et al., 2010). A different study confirms the localization of
MAVS on mitochondria and peroxisomes, and adds MAMs to the list of subcellular pools of
MAVS. Moreover, the authors propose the MAM as an innate immune synapse for antiviral
responses that coordinates MAVS-dependent signaling from mitochondria and peroxisomes
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(Horner et al., 2011). HCV-infected Huh7 hepatocytes are unable to induce IFN expression
due to MAVS cleavage by the viral protease NS3/4A (Loo et al., 2006; Meylan et al., 2005).
We and others have shown that cytosolic MAVS is unable to signal (Dixit et al., 2010; Seth
et al., 2005). Given that NS3/4A cleaves MAM-localized MAVS, but not mitochondrial
MAVS the authors conclude that-at least for HCV infections-mitochondrial MAVS is
dispensable for RIG-I signaling. This notion is further supported by the finding that RIG-I is
recruited specifically to MAM-resident MAVS upon HCV infection (Horner et al., 2011). In
fact, a ternary complex consisting of active open-conformation RIG-1, TRIM25 and the
chaperone 14-3-3¢ is redistributed to MAMSs upon infection (Liu et al., 2012). MFN2 tethers
the ER to mitochondria and thus maintains the MAM mitochondrial contacts (de Brito and
Scorrano, 2008). Depletion of MFN2 by RNAI destabilizes the antiviral synapse, which
shifts MAVS to peroxisomes and thereby increases RIG-1-mediated signaling in response to
SeV, VSV and HCV (at early timepoints before MAVS cleavage by NS3/4A) infection
(Horner et al., 2011). It would be interesting to test the effect of MFN2 on the organelle-
specific outcome of RLR signaling using cells with organelle restricted MAVS expression.

In addition to MFN2, MFN1 has been implicated in regulation of RIG-I signaling as well.
Activation of RLRs by infection with SeV, NDV, influenza virus, VSV, Sindbis virus or
EMCYV and by transfection with pppRNA resulted in redistribution of mitochondrial MAVS.
While some mitochondria accumulate MAVS, others become devoid of it during a process
that depends on MFNL1. RIG-I is evenly distributed throughout the cytosol in uninfected
cells, but is concentrated in foci upon infection. However, no co-localization between RIG-I
and MAVS was observed. On the contrary, RIG-1 co-localized with viral nucleocapsid. As a
consequence type I IFN induction after NDV infection was completely abolished in MFN1-
deficient MEFs. These findings led the authors to propose a model where RIG-1 is recruited
to virus factories to maximize the chances of receptor-ligand interaction. Mitochondria serve
as vehicles that position MAVS. Some mitochondria enrich MAVS through repeated fission
and fusion events and surround the foci of active viral replication in order to enable IFN
induction (Onoguchi et al., 2010). While this model outlines how mitochondrial signaling is
optimized to perpetuate IFN induction for the duration of infection and to establish a
sustained antiviral immune response, it leaves two important questions unanswered. First,
what are the kinetics of this process? The earliest time point presented in the study is 9 h
post infection. Second, what triggers mitochondrial remodeling and accumulation of
MAVS? Regardless if activation of RLR signaling or a different stimulus initiates the
rearrangement, this model does not explain RNA detection at the very first instant of virus
encounter. Much rather it demands additional and disparate means of RLR signaling that
ensure an immediate antiviral response until MAVS-enriched mitochondria are recruited to
the periphery of virus factories.

V. Conclusions and future directions

RLR signaling is a crucial pathway for detection of intracellular viruses and mounting
protective antiviral defenses. Since the identification of RIG-1 and its related proteins MDA5
and LGP2 tremendous progress has been made in terms of the core components of this
pathway and the regulatory mechanisms. Still many open questions remain on the pathogen
as well as the host side. What are the biological ligands that arise during a given viral
infection? Viral genomes, viral transcripts or replication intermediates are likely candidates.
Do these naturally occurring ligands match the postulated structural features that were
identified in vitro? Baum et al. sought to characterize such ligands by immunoprecipitation
of endogenous RIG-I/RNA complexes from SeV and influenza virus-infected cells and
subsequent deep sequencing. Copy-back defective interfering (DI) particles were identified
as the natural ligand of both SeV and influenza virus. RIG-I also bound to (preferentially
short segments of) genomic RNA of influenza virus. This study confirms the requirement
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for both a 5 triphosphate and a panhandle structure for RIG-I activation during SeV and
influenza virus infection (Baum, Sachidanandam and Garcia-Sastre, 2010). How accessible
are these ligands during infection? In the light of co-evolution of virus and host, it stands to
reason that viral PAMPs are spatially segregated from the respective PRRs. Is RLR-
mediated virus detection merely possible by accidental escape of PAMPSs or are mechanisms
in place that actively sample sites of viral replication?

Regarding the host factors required for an effective antiviral response, our understanding of
the spatiotemporal control of this pathway is very limited. Despite the designation of RLRs
as cytosolic receptors, the signal transduction cascade initiated upon ligand engagement is
certainly not cytosolic, but strictly dependent on proper subcellular localization of many
components of this pathway. The adaptor protein MAVS resides on and signals distinctively
from peroxisomes, MAM and mitochondria (Dixit et al., 2010; Horner et al., 2011; Seth et
al., 2005). The negative regulator NLRX1 is also localized on mitochondria (Moore et al.,
2008). In the course of infection mitochondria are rearranged to surround sites of viral
replication in a MFN1-dependent manner. Failure to do so severely abrogates an antiviral
response (Onoguchi et al., 2010). What is the benefit for the host of such an elaborate
subcellular arrangement of a signal transduction pathway? Perhaps recruitment of molecules
concentrated on an organelle might be faster and more energy efficient than recruiting every
single molecule independently. Considering the different responses mediated by
peroxisomal and mitochondrial MAVS, distribution of this pathway on two organelles might
facilitate targeting of factors specifically required for each of the responses. A similar
situation can be found with TLR4, the receptor for the prototypical PAMP
lipopolysaccharide. Perhaps a positive regulator of direct ISG induction is only targeted to
peroxisomes or an inhibitor of such a signaling pathway is located on mitochondria. The
TLR4 pathway exemplifies how the spatial distribution of signaling components governs the
signaling output. While plasma membrane bound TLR4 induces cytokine expression in a
MyD88-dependent manner (Medzhitov, Preston-Hurlburt and Janeway, 1997; Medzhitov et
al., 1998), endocytosis of TLR4 induces type | IFN induction in a TRIF dependent manner
(Kagan et al., 2008; Yamamoto et al., 2002). For TLR4 signaling TRAF3 was proposed to
be limited in its mobility. The inability of TRAF3 to be recruited to TLR4 at the plasma
membrane necessitates TLR4 to be endocytosed. It is at the endosome that the TRAM-TRIF
adaptor pair is recruited to engage TRAF 3 and to enable type I IFN signaling (Kagan et al.,
2008). Similarly an essential factor for direct ISG induction may be available exclusively at
peroxisomes. Experimental evidence for the organelle-specific presence of regulators of
RLR signaling comes from NLRX1. Overexpression of NLRX1 inhibits signaling mediated
by mitochondrial MAVS, but not by peroxisomal MAVS (Dixit et al., 2010). The spatial
regulation may also be indicative of RLR signaling being a multistage process, wherein in
an initial wave a nascent infection is sensed, in a later phase the process is optimized for a
robust response during infection and finally is turned off. In order to address this possibility
kinetic studies rather than late endpoints after infection would be helpful.
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Viruses detected by RIG-I

Orthomyxoviridae (=) sSRNA, NS

Influenza A virus

Influenza B virus

(Kato et al., 2006)
(Loo et al., 2008)

Paramyxoviridae (=) ssSRNA, NS

Sendai virus
Newcastle disease virus
Respiratory syncytial virus

Measles virus

(Kato et al., 2006)
(Kato et al., 2006)
(Loo et al., 2008)
(Plumet et al., 2007)

Rhabdoviridae (=) sSRNA, NS

Flaviviridae (+) ssSRNA NS

Vesicular stomatitis virus
Rabies virus
Hepatitis C virus

Japanese encephalitis virus

(Kato et al., 2006)

(Hornung et al., 2006)

(Saito et al., 2007; Sumpter et al., 2005)
(Kato et al., 2006)

dsDNA-viruses

Epstein-Barr virus

Herpes simplex virus-1

Adenovirus

(Ablasser et al., 2009; Chiu, Macmillan and Chen, 2009; Samanta
et al., 2006)

(Chiu, Macmillan and Chen, 2009)
(Chiu, Macmillan and Chen, 2009)

Viruses detected by MDAS

Picornaviridae (+) ssSRNA, NS

Encephalomyocarditis virus
Theiler’s virus

Mengovirus

(Gitlin et al., 2006; Kato et al., 2006)
(Kato et al., 2006)
(Kato et al., 2006)

Caliciviridae (+) sSRNA, NS

Murine norovirus-1

(McCartney et al., 2008)

Coronaviridae (+) sSRNA NS

Murine hepatitis virus

(Roth-Cross, Bender and Weiss, 2008)

Viruses detected by RIG-I and MDA5

Flaviviridae (+) ssSRNA, NS

Dengue virus

West Nile virus

(Loo et al., 2008)
(Fredericksen et al., 2008; Loo et al., 2008)

Reoviridae dsRNA S

Reovirus

(Loo et al., 2008)

Arenaviridae (=) sSRNA, S

Lymphocytic choriomeningitis virus

(Zhou et al., 2010)
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