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INTRODUCTION or cure viral infections. The first line of defense is innate

Being devoid of any energy source and metabolism, viruses
must rely on a host cell for expression and replication. Because
virus infection often leads to cell and/or tissue injury, debilita-
tion, and/or death, the animal kingdom has developed through
evolution specific mechanisms to either prevent, limit, control,

* Corresponding author. Mailing address: INSERM U758, CERVI,
21 avenue Tony Garnier, 69007 Lyon, France. Phone: 33 437 282 390.
Fax: 33 437 282 391. E-mail: denis.gerlier@inserm.fr.

468

immunity, which produces immediate, but nonspecific, im-
mune responses. Because it requires some time to be active
after first encountering a pathogen, adaptive immunity repre-
sents a second line of defense. Assumed by the lymphoid sys-
tem, it is characterized by extraordinary specificity and mem-
ory. There is a strong cross talk between innate and adaptive
immunity that makes them not only complementary but also
synergistic. Innate immunity comprises several mechanisms,
such as the complement system and the “cellular” and the
“cell-intrinsic” (i.e., intracellular) innate immunity. The com-
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plement system is an automatic and autonomous enzymatic
cascade that is quickly activated upon contact. The main actors
of cellular innate immunity, as far as viruses are concerned, are
natural killer (NK) cells, which are able to recognize virus-
infected cells exhibiting anomalous expression of major histo-
compatibility complex (MHC) molecules. The cell-intrinsic in-
nate immunity consists of the activation of specific genes
resulting in an antiviral state of both infected and neighbor
cells via autocrine and paracrine signaling, respectively. More
than half a century ago, interferon (IFN), later classified as
type I IFN, was discovered as the cytokine induced by viral
infection and able to activate an antiviral state (114, 115). It
then took almost 50 years before C. Janeway et al. proposed
that the innate immune system recognizes pathogens by ex-
pressing dedicated receptors able to bind to microbe-associ-
ated molecular patterns (MAMPs), which are known as pat-
tern recognition receptors (PRRs) (118). Three subsets of
PRRs, the Toll-like receptors (TLRs), the Rig-I like receptors
(RLRs), and the Nod-like receptors (NLRs), can be engaged
in recognition of viruses. TLRs were first demonstrated as
innate immunity receptors in insects (242). They are located at
the cell surface and/or in endosomes, and their expression is
heterogeneous and mostly restricted to a few cell subsets. The
cytosolic NLRs can recognize some virus families, particularly
DNA viruses (122). The RLRs are cytoplasmic and expressed
by all nucleated cells. Thus, they play a critical role in the early
recognition of viruses in any tissue. For Chordata, double-
stranded RNA (dsRNA) is the MAMP commonly recognized
by the RLRs, hence their key role in recognizing infections by
RNA viruses.

Among viruses possessing RNA genomes, the order of neg-
ative-single-strand viruses (Mononegavirales) encompasses
many human and animal pathogens causing severe disease,
such as measles virus (MeV), rinderpest virus (RPV), vesicular
stomatitis virus (VSV), Ebola virus (EBOV), rabies virus
(RABYV), Nipah virus, and respiratory syncytial virus (RSV), to
name a few. Except for in the Bornaviridae family, the virus
cycle is entirely cytoplasmic. They all share a transcription and
replication process that is unique in the living world. The viral
polymerase uses a helicoidal nucleoprotein complex or nucleo-
capsid as a template instead of naked RNA. Despite their
limited genome size and close relationship, these viruses have
developed extraordinarily diverse strategies to escape detec-
tion by RLRs, to impair interferon signaling, and/or to coun-
teract cellular antiviral effectors.

This review aims at integrating the most recent knowledge
about the RLR-dependent activation of IFN, the replication of
the Mononegavirales, and how they interact with each other.
Their relevance in the physiopathology of diseases induced by
prototypic viruses will then be discussed.

PRRs AND IFN RESPONSE

Viral nucleic acids, which may be DNA, single-stranded
RNA (ssRNA), or double-stranded RNA (dsRNA), are the
main common source of MAMPs that animal cells can detect.
The nucleic acids are recognized in the endosomal compart-
ment by TLR3, -7, -8, and -9 and possibly at the cell surface by
TLR3, with the following specificities: DNA&TLRY,
ssSRNASTLR7/8, and dsSRNASTLR3 (125). The intracellular
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RLRs selectively detect RNA-bearing moieties that are nor-
mally absent from the cytoplasm (see below). This nucleic acid
recognition induces the activation of the genes encoding IFN-8
and IFN-al (human; a4 in mouse), the only IFN genes that are
directly activated by the RLRs through the downstream build-
ing of an enhanceosome made of AP1 (ATF-2/c-Jun), two
interferon regulatory factor 3 (IRF3)/IRF7 heterodimers, and
NF-«kB (p50/p65 RelA) (211). The concomitant activation of
IRF3 and NF-kB also results in the activation of a subset of
cytokines with inflammatory properties. The transcriptional
activation of all other IFN-a subtypes requires IRF7 ho-
modimers, which are available only in cells expressing high
levels of IRF7 (87). This constitutively occurs in plasmacytoid
dendritic cells (pDCs) and endows them with the unique ability
to secrete massive amounts of IFN-« after stimulation of their
TLRs (37). The IRF7 gene is also a member of the interferon-
stimulated genes (ISGs) that are activated downstream of the
type I interferon receptor (IFNAR) in cells exposed to IFN-
o/B (87). Thus, IRF7 mediates the IFN-«/B secretion amplifi-
cation loop that occurs upon infection of cells primed with
IFN. The binding of IFN to IFNAR activates a signaling cas-
cade that leads to the phosphorylation and heterodimerization
of STAT-1 and STAT?2 transcription factors and their associ-
ation with IRF9 to constitute the ISGF3-enhancing complex,
which is translocated into the nucleus to mediate the activation
of several hundred ISGs (87). ISGs comprise PRRs and mod-
ulators of the signaling pathway, as well as transcription factors
responsible for the amplification loop and antiviral effectors
(245). Of note, some of the ISGs can also be directly activated
downstream of the RLRs because of the large combinatorial
diversity of the transcription factors of the innate immune
response and the heterogeneity of the various promoters (90).
In addition, upon RLR-mediated activation of TRAF2 and
TRAFG6, part of IRF3 independently associates with Bax, and
the complex is translocated to the mitochondria to induce cell
apoptosis (46). This IRF3/Bax apoptosis pathway is part of the
antiviral response, as shown by enhanced Sendai virus (SeV)
and VSV replication in Bax-deficient cells (47). An antiviral
state can be also induced by long dsRNA in the absence of
RLR signaling and IFN activation. This points to a yet-un-
known mechanism of intracellular detection of viral RNA,
although the possible role of the RNA-dependent P1/elF-2a
protein kinase (PKR) has not been investigated (62).

STRUCTURE OF RLRs

Three members constitute the RLR family, i.e., RIG-I (ret-
inoic acid-inducible gene I or DDX58), MDAS5 (melanoma
differentiation-associated gene 5), and LGP2 (laboratory of
genetics and physiology) (305, 310). They are RNA helicases
belonging to the helicase 2 superfamily, which is characterized
by seven conserved sequences (I, Ia, and II to VI) (10). Upon
recognition of their RNA agonist(s), RIG-I and MDAS switch
on the innate immunity program, whereas LGP2 acts as a
regulator (139, 140, 247, 289, 305, 310). RIG-I and MDAS have
two caspase activation and recruitment domains (CARDs) at
their N termini, and the three RLRs have homologous C-ter-
minal domain (CTDs) with similar fold and RNA binding
properties (158, 165, 194, 273, 296). Although only the CTD of
RIG-I accommodates a 5'-triphosphate end (5'ppp), all RLRs
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preferentially bind to dsRNA with blunt ends, as shown bio-
chemically and structurally. Four conserved cysteine residues
and positively charged residues account for the RNA binding
of the CTDs, mainly via electrostatic bonds. The helicase do-
main is highly conserved between the RLRs, with 41%, 35%,
and 31% homology between MDAS and LGP2, RIG-I and
MDAS, and RIG-I and LGP2, respectively (313). This domain
binds RNA (56, 83), and several point mutations in the con-
served helicase motifs abolish RNA binding (10, 221). The
binding of dsRNA activates an ATPase activity (56, 179),
which is dispensable for RNA binding (221) but required for
RIG-I conformational change (246) and signal transduction
(312). This domain seems to have a translocase rather than a
helicase activity. This allows an ATP-dependent dynamic and
processive interaction along the dsSRNA without separation of
the two RNA strands (195). The ATPase is negatively regu-
lated by the CARDs and alleviated upon RNA binding to the
CTD of RIG-I (83, 246) and/or to the helicase domain (177).

RNA PATTERNS RECOGNIZED BY RLRs AND THEIR
EXCLUSION FROM THE CYTOSOL

RNA Patterns of RLR Agonists

Over half a century ago, dsSRNA isolated from reovirus par-
ticles was identified as a potent inducer of IFN in vivo (287). In
vitro, the intracellular delivery of dsRNA is much more effi-
cient, and the involvement of a specific intracellular receptor
was thus postulated (53). Indeed, dsRNAs are recognized by
the three RLRs. However, there are subtle differences in their
preferred dsRNA structures. The optimal agonist for RIG-I is
a blunt-ended dsRNA at least 24 nucleotides (nt) long with a
5'-triphosphate end (249, 251), with a preference for a small
bulge due to one mismatch located a few nucleotides down-
stream (177). This is supported by the crystallographic struc-
ture of the RIG-I CTD in complex with 5'ppp-dsRNA (165,
296). The affinity of a 14-bp-long 5'ppp-dsRNA is in the range
of 200 pM. This high affinity explains the ability of a cell with
low basal RIG-I expression to respond to a virus infection
(312). Whereas the dsRNA moiety seems to be an absolute
requirement, long dsRNA devoid of 5'ppp can also bind
RIG-I. This gives rise to signaling (124, 147) according to a
RIG-I activation model that is distinct from that induced by
blunt-ended 5'ppp-dsRNA, but the details of this signaling
remain to be defined (177). Likewise some variation in the
RNA structure, such as a 5’ and/or 3’ overhang over 1 to 2
nucleotides and small mismatches in the dsSRNA, may be more
or less tolerated (178, 249, 251). However, short dsRNA with
an overhanging 5'ppp nucleotide acts in vivo as a RIG-I
decoy for IFN activation, although activating the ATPase
activity of RIG-I in vitro (177). The LGP2 CTD and MDAS
CTD lack the residues responsible for 5'ppp binding. Their
ligands are dsSRNAs, with a preference for blunt ends in the
case of LGP2 (159, 217, 246, 311). In cells, MDAS5 prefers
long dsRNA (>1 kb) with complex structures (216). MDAS
is also selectively activated by mRNA with a cap devoid of
ribose 2’ O methylation, which appears to be a major MDAS
agonist motif (319).
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Exclusion of RLR Agonist Patterns from Cytosolic RNA

Nascent RNA made by a cellular or viral polymerase is
necessarily 5'ppp ended because of the 5'-to-3' nucleotide
polymerization, with the notable exception of the polymerase
of Picornaviridae, which uses a protein (VPg) primer. RNAs
that are long enough have secondary structures including
dsRNA stretches, and thus any cellular self-RNA can poten-
tially be sensed by the RLRs. Why does this not occur? During
evolution, eukaryotic cells have wrapped all their transcription
machineries within the nucleus and the mitochondria, thus
avoiding cytosol influx with long 5'ppp-RNA (70, 241) (Fig. 1).
While mitochondrial RNA cannot escape this organelle, there
is a continuous flow of nucleus-derived RNA in the cytosol.
However, almost any primary nuclear transcripts from poly-
merase I, I, or III have their 5’ ends immediately processed
early in RNA elongation, either by early cleavage of the first
few nucleotides or by cotranscriptional modifications such as
cap addition and 2’ O-ribose methylation of the first tran-
scribed nucleotide by the methyltransferase hMTrl (also
known as FTSJD2 and ISG95) (15). As a consequence, any
cytosolic export of 5'ppp-RNA of a size exceeding a few nu-
cleotides is avoided. The only known exception is the 7SL
RNA, a structural element of the signal recognition particle
(SRP) or translocon. This RNA likely avoids recognition of its
5'ppp end by RIG-I because of its early association with
translocon protein subunits upon transit through the nucleoli
(300). Likewise, cellular transcripts having O-methylated caps
escape recognition by MDAS (319).

Furthermore, the basal levels of the RLRs are rather low.
This reduces the probability of inadvertently becoming acti-
vated. Thus, the RLRs do not directly recognize an incoming
pathogen but rather recognize the RNA it is synthesizing in a
cell compartment where such activity is normally absent.

MODEL OF RLR ACTIVATION

Thanks to large amounts of data, a recently revised model of
RIG-I activation can be drawn (Fig. 2) (177). In the absence
of an RNA agonist, the molecule is inactive, possibly because
of intramolecular interactions (Fig. 2). dSRNA would bind to
the helicase domain (83), allowing activation of RIG-I ATPase
activity (83, 177, 195) that fuels RIG-I translocation along the
nucleic acid (195). If the dsRNA is short and bears a 5'ppp
end, the binding is strongly stabilized by the electrostatic in-
teraction of the triphosphate with the CTD (56, 165, 177, 296).
RNA binding appears to induce dimerization of RIG-I, which
would enable RIG-I function (56, 159, 230, 246, 251, 278, 311).
However, experimental evidence for RIG-I dimerization is not
conclusive, because the dimeric status of the dSRNA made of
two complementary strands with 5'ppp ends and/or RIG-I
engagement into a high-molecular-weight complex with the
membrane-anchored IPS-1 (interferon promoter-stimulating
1) has not been properly addressed. This changes the confor-
mation of RIG-I (246) and exposes the N-terminal CARDs for
binding to an unanchored short polyubiquitin Lys®® chain(s)
(316). The source of the polyubiquitin chains seems to be the
E3 ubiquitin ligase TRIM2S5 (tripartite motif containing 25).
TRIM2S also associates with the first CARD (80, 81). Alter-
natively, TRIM25 first associates with the CARD to produce
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FIG. 1. Exclusion of self-RNA agonists of RLRs from the cytosol. The cytosol is kept free from any 5'ppp-ended RNA, with the exception of
the 7SL RNA, the 5" end of which is shielded by SRP components before exit from the nucleolus. All other nuclear transcripts either are capped
with ribose 2" O methylation and guanosine N-7 methylation or are cleaved shortly after the beginning of RNA synthesis. Mitochondrial transcripts
do not exit from this organelle. The polymerase (RdRp) from cytosolic members of Mononegavirales produces capped mRNAs with ribose 2" O
methylation and guanosine N-7 methylation, as well as 5'ppp transcripts that are recognized by and activate RIG-1. These viruses also produce
5'ppp genomes and 5'ppp antigenomes. However, their 5'ppp termini are embedded in N protein subunits multimerized into the helicoidal
nucleocapsid (not shown). (Adapted from reference 85 with kind permission from Springer Science + Business Media.)

the polyubiquitin chain, which then binds to the CARD tan-
dem and possibly displaces TRIM25. The CARD-polyubiqui-
tin chain complex then recruits the CARDs of the IPS-1 (316),
possibly because the polyubiquitin chain bridges the CARDs of
RIG-I and IPS-1. The activated IPS-1 transduces the signal
that induces the interferon response (127, 186, 260, 308). The
activation of MDAS is less well known, but available data
support a similar scheme. Since 2’ O methylation is a motif
allowing the discrimination of self and nonself transcripts rec-
ognized by MDAS (319), it is tempting to predict the recogni-
tion of an RNA cap devoid of O-methyl substitutions by the
CTD of MDAS by analogy with RIG-I recognition of 5'ppp-
RNA.

PREFERENTIAL VIRUS RECOGNITION BY RLRs

The use of cells and/or transgenic mice with selective defects
in RIG-I or MDAS has revealed that each RLR can be pref-
erentially involved in the recognition and control of distinct
virus families. RIG-I acts as a sensor of most Mononegavirales,
including measles virus (221), rabies virus, Ebola virus, Nipah
virus, and respiratory syncytial virus (164), and Sendai virus
and vesicular stomatitis virus (305), but not members of the
Bornaviridae family, which uniquely transcribe and replicate in
the nucleus (94). RIG-I also senses segmented negative-strand
RNA viruses (Orthomyxoviridae) (164), some positive-strand
RNA viruses (Flaviviridae, including hepatitis C virus and den-
gue virus) (164), and dsRNA viruses (reovirus) (164) (54).

MDADS senses Picornaviridae, dengue virus, and reovirus (164).
However, when a preference is observed, it is unlikely to be
exclusive. For example, a minor contribution of MDAS can be
found for measles virus and Sendai virus detection (112, 314).

RLR AGONISTS FROM MONONEGAVIRALES

So far no viral RNA recognized by a given RLR in infected
cells has been formally identified with certainty. To hypothe-
size which viral RNA species can be the best candidates as
RLR agonists in “real life,” one should consider which RNA
species and structures are made during the virus infection
cycle.

Virus Replication Cycle

Mononegavirales are enveloped viruses that share many com-
mon features. Their genome organization is well conserved
throughout this virus order, with genes encoding a nucleopro-
tein (N), a phosphoprotein (P), a matrix protein (M), an at-
tachment protein differently named H (hemagglutinin), HN
(hemagglutinin-neuraminidase), or G (glycoprotein) for differ-
ent viruses, a fusion protein (F) (lacking in the Rhabdoviridae
and Filoviridae families), and a large L RNA-dependent RNA
polymerase (RdRp) (Fig. 3). Virus families differ from each
other by the presence or absence of additional genes or by
multiple strategies for coding from the P gene, including an
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alternative reading frame (C and Y proteins) or RNA editing
(V, D, and W proteins) (144).

The virus cycle starts by the binding of viral envelope glyco-
proteins to a plasma membrane receptor. The G or H(N)F
complex mediates the fusion of the viral envelope with the
plasma membrane (entry at neutral pH) or, after endocytosis
or as more recently recognized by macropinocytosis (199, 214),
with endosomal membranes (entry at acidic pH). Schemati-
cally, upon cytosolic delivery of the ribonucleoprotein (RNP)
and likely dissociation from the M lattice, the incoming P+L
polymerase complex starts to transcribe all genes from the
genomic RNA of negative polarity (144) without a measurable
time lag (219) (Fig. 3). The transcript from every gene is
capped and polyadenylated by the polymerase. When arriving
at an intergenic junction, the transcriptase stops at the gene
end and mostly resumes RNA synthesis at the next down-
stream gene start. New P+L transcriptases translated from the
primary transcripts accumulate and enhance the transcription

MicroBioL. MoL. BioL. REv.

rate until enough N protein chaperoned by the P protein ac-
cumulates to form an N - P complex. This complex is the sub-
strate of the replicase complex made of N, P, and L proteins.
The replication consists of uninterrupted synthesis of comple-
mentary antigenomic RNA strands of positive polarity which
are concomitantly encapsidated by N subunits that oligomerize
around the RNA to constitute the helicoidal nucleocapsid
(NC). The new antigenomic NC serves as a template for the
synthesis of the genomic RNA, which is also concomitantly
encapsidated. Particle assembly then proceeds with the M-me-
diated wrapping of NC into an envelope derived from the
plasma membrane enriched in viral glycoproteins (85, 144).
The encapsidation of RNA into NC is necessary and sufficient
for incorporation into a viral particle. The virions contained
both genomes and antigenomes but no viral transcript (219).

Besides the viral mRNA, two small transcripts can be syn-
thesized, the positive-stranded leader (leRNA) and negative-
stranded frailer (trRNA) (150, 151, 231). They are transcribed
from the genome 3’ end, which contains the transcription and
genomic promoters, and from the antigenome 3’ end, encom-
passing the antigenomic promoter, respectively (54, 105). The
trRNA is the unique antigenome transcript since the antig-
enome lacks a transcription promoter allowing the expression
of downstream sequences (116, 147). In the absence of protein
synthesis, which prevents replication, the amount of leRNA
increases (27). leRNA and trRNA are neither capped nor
polyadenylated (54). They both contain the encapsidation sig-
nal that drives N binding and polymerization around the ge-
nome and antigenome (25, 27).

Viral polymerase attachment to and progression along the
genome and antigenome strictly require the RNA template to
be encapsidated (Fig. 4). The viral polymerase does not bind
directly to the RNA template but relies on being in a complex
with the phosphoprotein (P). P protein mediates the recogni-
tion of the NC by dynamically binding to nucleoprotein sub-
units in a predicted staircase way (144, 163, 240, 302). Neither
viral genome RNA nor antigenome RNA is infectious unless
N, P, and L are provided in trans (55). The three-dimensional
(3D) structures of the nucleocapsids from rabies virus (RABV)
(7), vesicular stomatitis virus (VSV) (92), and respiratory syn-
cytial virus (RSV) (279) show how the RNA is embedded
between two domains of the N protein. Every N subunit covers
an exact number of nucleotides. For example, N protein from
paramyxovirus covers 6 nucleotides, and the genome length
has to follow the “rule of six”; i.e., the total number of nucle-
otides should strictly be a multiple of 6 (36, 95, 137, 138, 213,
265). Consequently, the genome and antigenome are unlikely
to be found “naked” in infected cells and thus cannot anneal to
each other or to viral transcripts. RNA is largely inaccessible
within the NC as shown biochemically by resistance to nuclease
degradation (27) (unless RNA is dissociated by extra energy
[91]) and as shown functionally in infected cells by resistance to
silencing by interfering RNA while viral transcripts are readily
targeted (19, 190, 237).

The RdRp machinery is not perfect. It also produces other
RNA species that appear to be useless (Fig. 3). Read-through
transcripts occur at a frequency of a few percent, resulting in
bi- or tricistronic RNAs and leader-N and L-antitrailer RNAs
(43). An abortive 5’ genome and antigenome gives rises to
short nucleocapsids unable to be duplicated (219). Finally, with
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naked genomic RNA. (B) The genome (and antigenome) is entirely
covered by a continuous noncovalent polymer of N protein subunits. P
anchors L polymerase onto the nucleocapsid template and mediates its
traveling along the nucleocapsid while transcribing (upper chart) or
replicating (lower chart). See the legend to Fig. 3 for details of the
RNAs that are produced.

a high multiplicity of infection, the RdRp can jump to another
template during the replication step, resulting in nucleocapsids
with large internal deletions. These are the defective interfer-
ing (DI) particles, which compete with genome replication by
taking less time to replicate than the full-length genome. Copy-
back DI particles are often observed with the strong antigeno-
mic promoter on the 3’ ends of both strands (191), resulting in
more potent interfering efficiency.

Viral RNA Agonists for RLRs

Source of RIG-I and MDAS selective agonists. What could
be the viral source of 5'ppp-ended RNA? At this stage, it
should be emphasized that the transfection of RNAs extracted
from virions or infected cells brings only limited and poten-
tially misleading information about the real viral RNA acting
as an RLR agonist in vivo. Indeed, when extracted, denatured,
and purified, both positive and negative RNA strands are pres-
ent and easily anneal to each other into dsSRNA that may never
exist in an infected cell. Unfortunately, many major papers
published in the field have relied mainly, if not solely, on such
experiments, leading to the overstatement that viral genomes
are the RLR agonists.

(i) Encapsidation of genome and antigenome prevents RNA
annealing and exposure of 5'ppp ends. The genome replica-
tion of Mononegavirales is primer independent, and the initia-
tion of RNA synthesis starts with a single nucleoside triphos-
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phate; for example, it is always ATP for Paramyxoviridae (204).
As a result, their genomes and antigenomes are 5'ppp ended
(149) and potently strong RIG-I agonists. Indeed, purified
protein-free RNAs from viruses, i.e., a mixture of genome and
antigenome RNAs that likely anneal to each other, are good
inducers of RIG-I-mediated IFN response (94, 106). However,
they are never found as free RNA but are found exclusively as
part of the nucleocapsid (NC) in CsCl gradients (290). Al-
though trace amounts of protein-free genome/antigenome can
be found in a CsCl pellet, their actual presence in infected cells
remains doubtful. Indeed, during gradient purification, a small
fraction of NCs can likely be denatured by the high salt con-
centration. Shielded within the helicoidal homopolymeric nu-
cleoprotein, the intracellular genomes and antigenomes are
hardly available for recognition by the RLR, as shown by the
inability of NC from UV-inactivated virus to be intracellularly
delivered to activate the IFN-B gene (221). However, SeV
genomic RNA has been proposed as a RIG-I ligand in infected
cells, since 211-nt-long primer extension products encompass-
ing the end of the L gene and trRNA are enriched in RIG-I
immunoprecipitates (233). Likewise, deep sequencing of RNA
bound to endogenous RIG-I, supported by PCR identification,
suggests that the viral agonists are DI genomes and anti-
genomes (14). However, in both cases, the interpretation is
obscured by the lack of further characterization of this RNA
(free or NC associated?) and poor analysis of short transcripts.

(ii) Viral coding transcripts are capped and 2’ O methyl-
ated. Viral transcription also starts with a single 5'ppp nucle-
otide as a primer, but mRNAs are capped shortly after their
initiation, since a 31-nt-long transcript is fully capped in vitro
(Fig. 3) (280). Upon inhibition of capping, the elongation of
the 5'ppp transcript aborts after a 100- to 400-nt elongation
(157, 162). Both cap addition and guanyl-7-N methylation are
signals that tightly control the polyadenylation of the transcript
(and hence its stability) and the recognition of intergenic junc-
tions for transcription of the downstream genes (156). The
viral capping process also includes ribose 2" O methylation that
precedes the guanyl-7 methylation (226). Whether any capping
failure occurs during a natural infection is unknown. Such
failure would be predicted to enhance IFN activation and virus
attenuation, as occurred for a recombinant coronavirus devoid
of ribose 2'-O-methylase activity in vitro and in vivo (319).
Since full-length ~1.7-kb MeV N mRNA linearly accumulates
over 8 h due to a constant number of incoming transcriptases
(219, 220), such a failure should remain at least below 10%
(i.e., within the detection limits of the measurement). When
expressed individually from a plasmid, none of the viral coding
transcripts induces an IFN-B response (221). However, a short
region of L mRNA from another paramyxovirus, parainfluenza
virus 5 (PIVS), seems to be able to activate the IFN-f gene via
an RNase L and MDAS pathway (169).

(iii) Small noncoding viral transcripts remain 5'ppp.
leRNA and trRNA transcripts remain 5'ppp (54). In SeV- or
VSV-infected cells, only limited amounts of free leRNA and/or
trRNA species (31, 55, and 65 nt long) can be detected, likely
because of lack of stability (151, 290). Late in the infection,
~75% of them are found to be associated with N protein, with
a buoyancy similar to that of NC on CsCl gradients (26). More
abundant free short leRNA N read-through transcripts (<300
nt long) can be also detected (290). These are distinct from the
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encapsidated complete (~2 kb long) leRNA N read-through
RNAs corresponding to abortive replication products (40, 219,
290). As their abundance remains largely unchanged when
replication is blocked, they likely represent uncapped tran-
scripts, the elongation of which has prematurely stopped (290).
The elongation checkpoint for RSV polymerase is at ~50
nucleotides (162). The aborted transcription could be due to
the presence of leRNA sequence and/or the lack of capping.
Indeed, the priming of the transcriptase activity requires the
recognition of the unique bipartite transcriptase promoter lo-
cated within leRNA and N 5’ untranslated regions (5'UTRs)
of the genome (136, 302).

(iv) IFN-f gene activation is related to virus transcription.
When considering many functional investigations performed
with virus-infected cells, one can argue for the recognition of a
viral transcript by RIG-I during a paramyxovirus infection. In
MeV, the kinetics of IFN-B gene activation parallels that of
viral transcription and not replication. Furthermore, a replica-
tion-disabled MeV that still transcribes activates the IFN-8
response in a dose-dependent manner (221), in agreement
with the pioneering observations made with VSV (176). A
parainfluenza virus 5 (PIV5) expressing a P protein unable to
be phosphorylated by polo-like kinase 1 (PLK1) displays both
enhanced transcription and stronger activation of the IFN-
and cytokine genes (271, 282). Likewise, two mutations in the
genomic promoter result in both enhanced viral transcription
and interferon activation (172). Conversely, an SeV variant
producing smaller amounts of free leader and leader-N read-
through transcripts is a poorer activator of the IFN response
(269, 290). Accordingly, the replacement of the genomic pro-
moter with the stronger antigenomic promoter upregulates
both viral transcription and the IFN response (116, 147). Fi-
nally, the transfection of short viral transcripts made in vitro
from permeabilized Mononegavirales virions and likely corre-
sponding to 1eRNAs activates the IFN-B gene (20, 221), as
does 1eRNA transcribed from DNA in the cytosol but not in
the nucleus (221).

(v) Cellular proteins bind to short noncoding viral 5'ppp
transcripts. trRNA and leRNA are able to recruit two cellular
proteins, TIAR (T cell-activated intracellular antigen related
1) and La autoantigen, respectively. TIAR bound to SeV
trRNA modulates the induction of apoptosis (116, 303). le-
RNA from numerous Mononegavirales, including VSV, PIV3,
rabies virus, RSV, and rinderpest virus (RPV), have been
shown to bind to La protein in vitro and in infected cells (20,
59, 142, 143, 225, 306). Infection with RSV or RPV, leads to
the translocation of La protein from the nucleus into the cy-
toplasm (20, 225). Efficient transcription of RSV requires La
expression in an IFN-independent manner (20). La protein can
also compete with RIG-I for binding to RSV IeRNA. The
silencing of La expression favors leRNA binding to RIG-I and
enhances the IFN-B response. The inhibition of La expression
lowered the production of SeV, an IFN-sensitive virus, because
of the additive effects of the IFN-independent decrease of viral
transcription and the enhanced IFN response mediated by
RIG-I (20) (Fig. 5). La autoantigen belongs to the RNA rec-
ognition motif (RRM) family of ribonucleoproteins and regu-
lates the metabolism of cellular and viral RNAs (29). Its La
domain mediates the binding to a 3'OH-UUU motif of RNA
polymerase III (Pol III) transcripts and prevents their diges-
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tion by exonucleases (281). The adjacent RRM1 secondary
RNA binding domain (108) binds to mRNA as part of an RNA
regulon to coordinate ribosome biogenesis (128). Mononega-
virales 1eRNAs lack the RNA 3'OH-UUU motif responsible
for the high-affinity binding to La protein (108, 281). Instead,
leRNA binds to the RRM1 La domain (20) with a high affinity
(80 nM range) (225). The 5'ppp end enhances the RNA-La
interaction (71). leRNA and La protein complexes are stable
in CsCl gradients (20, 225) and have a buoyant density similar
to that of viral NC (20). At the beginning of RSV infection, the
leRNA associates with La, and later it becomes predominantly
associated with N protein (20). At early times postinfection,
primary transcription results in the synthesis of leRNA, which
is concurrently bound by La and RIG-I, with an advantage for
La. Moreover, La could also unwind any dsRNA feature (109)
within the viral RNA, preventing its recognition by RIG-I. At
the later step of concomitant replication and transcription,
preferential encapsidation of leRNA would occur. PKR may
be an alternative competitor for RNA agonist recognition by
RIG-I, since it binds to and is activated by dsSRNA with a 5'ppp
end (198).

Source of dsRNA. (i) Mononegavirales avoid producing
dsRNA. RIG-I dsRNA agonists can be a single-strand RNA
(ssRNA) with intramolecular dsRNA secondary structures or
two annealed complementary ssRNAs. It should be stressed
that in cells infected with negative-strand RNA viruses,

dsRNAs >40 bp long are not detected by a specific antibody,
whereas such dsRNAs are easily found after infection with
positive-strand RNA viruses (299). Coinfection with two re-
combinant SeVs expressing green fluorescent protein (GFP)
sense mMRNA and its complementary antisense mRNA, respec-
tively, strongly activates the IFN-B gene through a RIG-I-
dependent pathway (100, 270). This suggests that long com-
plementary GFP dsRNAs without 5'ppp ends may also be
activators of RIG-I. Alternatively, the presence of one tran-
script may have prevented the capping of its nascent comple-
mentary strand to form dsRNAs with 5'ppp ends.

(ii) Production of DI particles leads to IFN activation. VSV
stocks rich in defective interfering (DI) particles are potent
inducers of IFN secretion (174). The genomes of most of these
DI particles have large internal deletions and contain the
stronger antigenomic promoter on both negative and positive
strands (copy-back DI particles). Physically purified ~250-nt-
long copy-back DI particles free from infectious VSV are
strong IFN inducers, with one DI particle per cell inducing a
quantum yield of IFN (174). Likewise, while a carefully cloned
SeV is a poor inducer of the IFN response, SeV stocks con-
taminated with DI particles or copy-back DI particles are good
stimulators. Notably, the IFN-stimulatory activity is stronger
for copy-back DI particles (268) (Fig. 3). In addition, the ability
of DI particles to activate the IFN-f gene is inhibited by UV
irradiation of the viral stock in a dose-responsive manner
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(268), as observed for the UV sensitivity of MeV N transcrip-
tion (221). Moreover, the replication of full-length SeV and
MeV displays higher sensitivity to UV (note that SeV DI RNA
and MeV N mRNA as well as their corresponding genomes are
of comparable ~1.4- to 1.6-kb and ~16-kb sizes, respectively).
Although this was interpreted as reflecting the levels of DI
replication, the free or encapsidated status of the DI RNA
produced from UV-irradiated virus stock was not reported.

What are the RNA species that are synthesized from DI
genomes and antigenomes? Fully encapsidated DI genomes
and antigenomes are replicated, but their 5'ppp ends are
shielded (170) and are unlikely to be available for recognition
by RIG-I (Fig. 3). Genomic and antigenomic DI RNAs may
fail to be encapsidated, since ~5% of DI (anti)genomes sedi-
ment as free RNAs through CsCl gradients. Upon self-hybrid-
ization into panhandle RNA structures, because the 5" and 3’
ends of copy-back DI particles are complementary, or upon
genome-antigenome hybridization, they could make 5'ppp and
blunt-ended dsRNA (268). IeRNA and trRNA (or comple-
mentary trRNA [ctrRNA] for copy-back DI particles) can be
produced during transcription. trRNA/ctrRNA hybrids would
represent perfect RIG-I agonists, forming 5'ppp-ended ~50-
nt-long dsSRNA (Fig. 3). In favor of the latter, the susceptibility
of the replication of VSV copy-back ~250-nt-long DI particles
(determined by their interfering capacities) to UV inactivation
is much higher than that of their ability to activate the IFN
response. Moreover, internal-deletion DI particles with virus-
like leader and trailer promoters failed to induce the IFN
response (174). In addition, dsRNA forms over 40 to 50 bp
long have not been detected intracellularly by the J2 antibody,
indicating their low abundance or absence (276). Importantly,
leRNAs and trRNAs of Mononegavirales are not complemen-
tary to each other, and (anti)genomes cannot join their 5" and
3’ ends into a panhandle structure as is too often asserted in
the literature.

(iii) Alternative sources of viral dsRNA. Whether leRNA
and/or trRNA, or short leRNA-N read-through transcripts,
fold into secondary structures with long enough dsRNA re-
gions at suitable distances from the 5'ppp end to act as RIG-I
agonists remains to be determined. Alternative candidates are
(i) read-through L-trRNA mRNA (43, 93, 100, 181, 304) hy-
bridized to 5'ppp-trRNA (Fig. 3) and (ii) self-complementary
NC-free uncapped RNA resulting from copy choice mecha-
nisms involving a jump of the polymerase to an adjacent anti-
genome end, as occurs for the generation of copy-back DI
particles (232).

In Drosophila, infection by VSV is controlled by the RNA
interference (RNAIi) system. VSV-derived small RNAs cover
the whole genome and equally map the genome and anti-
genome (192). This suggests that they result from the process-
ing of complete genome/antigenome dsRNA, (or genome hy-
bridized with mRNA from every gene) by the RNase III
Dicer-2. Because direct evidence of such viral dsRNA in in-
fected cells is critically lacking and difficult to reconcile with
the replication process of Mononegavirales, one can imagine
the synthesis of negative-strand RNA complementary to the
viral mRNAs by the RNA-dependent RNA polymerase activity
of the elongator protein 1 (Elpl, also called IkB kinase-asso-
ciated protein [IKAP]) recently identified in Drosophila (161).
Interestingly, this cellular RdRp is highly conserved through-
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out the eukaryotic kingdom, including human. Elp1/IKAP ex-
erts its RdRp activity using ssRNA as a template in both
primer-independent and primer-dependent reactions. More-
over, it is devoid of back-primed RNA synthesis, thus preclud-
ing multiple rounds of autocopying and amplification of the
dsRNA. Capped and polyadenylated ssRNA is a suitable tem-
plate for generating a cRNA that is full length (161). Since
Elp1/IKAP is localized in the cytoplasm (119), where Monon-
egavirales replicates, it could lead to the production of blunt-
ended dsRNAs made of the 5'ppp strand annealed to the viral
cap mRNA used as a template, i.e., a potential agonist for
RIG-I.

AVOIDING PRODUCTION OF RNA
AGONISTS FOR RLRs

RNA viruses, which rely mostly on the cytosol for transcrip-
tion, replication, and/or assembly, have selected several strat-
egies to avoid the production of 5'ppp-ended dsRNA and
transcripts with caps devoid of O methylation (Fig. 5).

The 5’ ends of viral transcripts are fully capped either by an
autonomous capping process (in Mononegavirales) or by
snatching caps from cellular mRNAs (e.g., in Orthomyxoviri-
dae). The L protein is a multimodular enzyme containing RNA
polymerase activity, polyribonucleotidyltransferase activity
that transfers 5'p-RNA onto a GDP acceptor through a cova-
lent L-pRNA intermediate (205, 206), and methylase activity.
The last is responsible for the guanyl-N-7- and ribose 2" O
methylations. From alignment of L proteins from a member of
each family using the Muscle algorithm, key residues for each
activity appear to be fully conserved throughout the whole
Mononegavirales order. Interestingly, L polymerase from Bor-
naviridae is an exception, as it is predicted to lack guanyltrans-
ferase and methylase activities. However, since transcription of
this family occurs in the nucleus, the endogenous nuclear en-
zymes can be recruited to ensure proper capping and 2" O
methylation of the viral transcripts before their export into the
cytosol. Thus, all viruses protect themselves from MDAS rec-
ognition by having their mRNA be O ribose methylated.

To avoid exposure of a 5'ppp motif at the (anti)genome end,
RNA viruses can trim it by encoding a phosphatase or a nu-
clease (e.g., in Bunyaviridae and Bornaviridae, respectively) (94,
252). Alternatively, the 5’ end may be covalently linked to a
viral protein (in Picornaviridae) or finally shielded within a NC
(in Mononegavirales). Indeed, by associating with nascent
5'ppp-ended genome and antigenome RNAs and covering ev-
ery single nucleotide, the N protein acts as a major inhibitor of
RIG-I recognition and IFN-B activation. It shields the 5'ppp
end away from the regulatory domain of RIG-I, and it prevents
the annealing of genome-antigenome and/or mRNAs-genome
complexes into dsRNA.

Unless contaminated with DI particles, PIVS lacking the V
antagonist of the interferon response does not activate the IFN
response in most cells it infects, as if the polymerase avoids
producing any agonist of the RLRs (131). Thus, the IFN re-
sponse is most likely due to the production of RLR agonists
wrongly made during viral transcription and/or replication.

That the virus avoids production of dsSRNA has been exper-
imentally challenged by using a recombinant ambisense SeV. A
transcription unit encoding chloramphenicol acetyltransferase
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(CAT) has been added at the 3’end of the antigenome, i.e., in
the reverse orientation, by duplication of the genomic replica-
tion and transcription promoter. In IFN-competent cells, this
virus grows poorly and quickly loses the expression of the
antisense transcript. The likely explanation is that the plus-
sense L-CAT read-through transcript and the minus-sense
CAT-L read-through transcript annealed into dsRNA. This
dsRNA strongly activates the antiviral response, which leads to
selection of SeV with a disabled antisense transcription pro-
moter (147). Such ambisense SeV and RABV can be easily
rescued and grow well only in IFN-disabled cells (76, 147),
indicating that there is strong selective pressure for avoiding
the ambisense coding strategy by Mononegavirales due to RLR-
dependent innate immunity.

SIGNAL TRANSDUCTION BY RLRs AND REGULATION
Signal Transduction by RLRs

Upon binding to their RNA agonists, the RLRs associate
with IPS-1, also known as MAVS (mitochondrial antiviral sig-
naling), VISA (virus-induced signaling adaptor), and CARDIF
(CARD adaptor inducing IFN-B). IPS-1 acts as the central
node between sensing abnormal RNA and inducing the cellu-
lar innate immune response. It is recruited by homotypic in-
teraction of its CARD with RLR counterparts and is anchored
at the outer layer of mitochondria and peroxisomes. The
CARD-CARD interaction induces IPS-1 dimerization and re-
cruitment of several factors, including members of the tumor
necrosis factor receptor-associated factor (TRAF) family.
TRAFs in turn recruit inhibitors of NF-«B kinases (IKK) and
TANK binding kinase 1 (TBK1), which will phosphorylate IkB
and the interferon-regulating factors IRF3 and IRF7, respec-
tively. NF-kB, liberated from IkB, and phosphorylated IRF3/
IRF7 associate with AP-1 to constitute the enhanceosome that
activates the IFN-B gene. Our knowledge of cellular compo-
nents of the transduction machinery and the complexity of
their intertwined functions is ever growing, and these are the
subject of regular updated reviews (207, 277, 305, 311).

Regulation of RLR-Mediated Signal Transduction

The interferon system is absolutely required for the control
of almost any viral infection, as shown by the exquisite sensi-
tivity of mice with debilitated IFNAR genes to many viruses
(193), including those (e.g., measles virus) normally restricted
to another species (259). The IFN system should be easily and
quickly switched on to disseminate an antiviral state so as to
restrain the virus expansion. Because of its inflammatory con-
tribution and adverse effects (285), the IFN response should
also be dampened and extinguished at the end of the viral
infection, hence its tight regulation by numerous cellular fac-
tors acting at almost every step of the response.

Three mechanisms are proposed to keep RIG-I inactive in
healthy cells from humans and primates: phosphorylation on
serine 8 of the CARDI1 domain (203), phosphorylation on
serines 854 and 855 and threonine 770 by casein kinase II of
the RD domain (272), and binding to the ARF-like 16 protein
(ARL16), which prevents the association with RNA (309).

A positive regulation occurs very early, with the quickest
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activation of a subset of IPS-1 located on the peroxisomes
leading to immediate expression of antiviral inflammatory
genes. It acts as a potent amplifier of the slightly delayed
mitochondrial IPS-1-mediated signaling (64). The RLRs are
induced by the IFN/IFNAR signaling to increase cellular sen-
sitivity to the virus invasion. A spliced form, RIG-I SV, coding
for RIG-I with a truncated first CARD, appears later and acts
as a negative feedback inhibitor (80). The third RLR member,
LGP2, binds to dsRNA but lacks the CARDs. It regulates the
responses mediated by RIG-I and MDAS either positively or
negatively, although its role requires further clarification (247,
289). ZAPS, a short isoform of the zinc finger CCCH-type
antiviral protein 1 (also called PARP-13), is an ISG that po-
tentiates RIG-I activation by 5'ppp-RNA according to a pos-
itive feedback mechanism (101).

A deubiquitinase, cylindromatosis (CYLD), and E3 ubiqui-
tin ligase ring finger 125 (RNF125) act as negative regulators
of RIG-I and MDAS by cleaving key ubiquitins involved in the
recruitment of the downstream signaling cascade and by tag-
ging the molecules for proteasome-mediated degradation (see
reference 311) for a review). MDAS is kept inactive by the
interaction of its CARDs with the dihydroxyacetone kinase
(DAK) (311). RIG-I is negatively regulated by its feedback
conjugation with ISG15 (133, 317) and the linear ubiquitin
complex, which both prevents association of RIG-I with
TRIM2S5 and targets the latter for proteasomal degradation
(113). The association of the Atg5/Atgl2 heterodimer, a com-
ponent of the autophagy system, with the CARDs of RIG-I,
MDAS, and IPS1 inactivates the complex (311).

At least half a dozen factors tightly regulate IPS-1 activity at
the surface of the mitochondria (see references 207, 277, 305,
and 311) for reviews), including proteins that control mito-
chondrial fusion (41, 208). The TRAF family is also controlled
by deubiquitination and ubiquitination through interaction
with deubiquitinating enzyme A (DUBA) and A20 (see refer-
ences 207, 277, 305, and 311) for reviews). Other mechanisms
regulate downstream signaling molecules. For example, the
ubiquitin E3 ligase RAUL represses the expression of IRF3
and IRF7 (315), and the recruitment of coactivators to IRF3 is
antagonized by the transcription factor MafB (132). Even the
stability of the IFN-B mRNA is under control, since PKR
prevents the deadenylation of its poly(A) tail. This can explain
conflicting reports about the importance of this enzyme in the
activation of the IFN-B gene, although upon infection by a
paramyxovirus, the latter occurs downstream from RIG-I and
independently from PKR (256).

VIRAL SUPRESSORS OF INNATE
ANTIVIRAL SIGNALING

An early strong innate immune response of a host cell would
result in the abortion of a virus infection. Likewise, the quick
spreading of an antiviral state induced by the IFN cytokine
represents a powerful barrier for the dissemination of the virus
throughout the organism. Successful viruses have been evolu-
tionarily selected to express countermeasures efficient enough
for escape from the antiviral cellular defenses. The range of
virus countermeasures is almost as wide as the innate immune
system is complex, from shielding the MAMPs from recogni-
tion by the PRRs (Fig. 5) to abolishing IFNAR-dependent
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signaling (Fig. 6). Despite some common features, counteract-
ing activities are highly variable among the Mononegavirales;
there are multiple mechanisms for a given virus, and they are
exerted by different viral proteins that are themselves multi-
functional. Each viral countermeasure is usually dispensable
for virus growth, and even more, their absence can facilitate
virus replication, particularly in cells exhibiting some innate
immunity defect. Strikingly, every countermeasure acts as a
critical virulence factor in vivo. The intracellular innate im-
mune response pathway will be used as a guideline for their
overview.

Blockade of the IFN Induction Pathway

Mononegavirales can either mask the RNA structures that
are recognized by the RLRs and/or minimize their production
(Fig. 5). As discussed above, the encapsidation of the genome
and antigenome prevents dsSRNA formation and shields the
3'ppp ends. Likewise, adding a cap to their mRNA obviates
3'ppp end exposure. The transcription of paramyxovirus is
finely tuned by the intrinsic strength of the transcription pro-
moter, thus limiting the activation of IFN (172, 269, 290). The
transcription is also negatively regulated by paramyxovirus C
proteins and RSV NS1 protein, which limit the production of
transcript agonists of RIG-I (8, 13, 34, 57, 104, 160, 171, 238).
In the absence of C protein, dSRNA accumulates in cells in-
fected by PIV1 and SeV (28, 276), with a concomitant activa-
tion of the PKR and phosphorylation of eIF2«. This results in
decreased protein synthesis, as also observed with C-deleted
MeV (184, 196, 283), and likely leads to an imbalance in the N
protein/(anti)genome ratio possibly favoring naked comple-

mentary viral RNAs (28). The deamination of (5'ppp)dsRNA
by the cellular adenosine deaminase ADARI1 under the con-
trol of C protein may also contribute to lower both PKR and
RIG-I activation (284). The polymerase subunit of Filoviridae,
called VP35, has a C-terminal domain that binds dsRNA (38).
The crystal structure of the C-terminal domain consists of a
unique fold that differs from other viral dsSRNA binding pro-
teins, with a cluster of basic residues contacting the dsRNA
(155). VP35 forms an asymmetric dimer on dsRNA binding,
with two monomers binding to the backbone and capping the
terminus, respectively. The model predicts the cooperative rec-
ognition of dsRNA, with the binding of the first VP35 mono-
mer assisting that of the next one (134). Mutations that abolish
RNA binding activity reduce the ability of VP35 to inhibit IFN
production (38) and dramatically reduce the virulence of re-
combinant EBOVs in mice and guinea pigs (96, 224). Interest-
ingly, although the optimal anti-IFN function of VP35 requires
oligomerization mediated by the N-terminal domain (234), this
activity is independent from its function in RNA synthesis (38,
96-98).

The RNA sensors can be directly targeted by viral proteins
(Fig. 5). RSV NS2 protein binds to the N-terminal CARD of
RIG-I and prevents the recruitment of IPS-1 by competition
(160). The C-terminal domains of V proteins from all
paramyxoviruses tested so far (except possibly RPV, which has
been tested only on human MDAS5 [30]) bind MDAS and
prevent MDAS-mediated activation of the IFN-B gene accord-
ing to a likely common mechanism (50). This domain of V is an
evolutionarily conserved 49- to 68-amino-acid region that co-
ordinates two zinc atoms and mediates the binding to the
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helicase domain of MDAS through the conserved
RRE[W,V,I[S[L,I](x)¢V peptide motif (248). Consequently,
the binding of V protein competes with binding of dSRNA, and
the oligomerization and ATPase activity of MDAS are pre-
vented (51, 212). The high efficiency of MDAS inhibition by V
protein explains, at least in part, the apparent low contribution
of MDAS in mediating the activation of the IFN- gene by
paramyxoviruses. The effects of MDAS can be observed only
when RIG-I is silenced (86, 112). However, a recombinant
hPIV2 encoding a V mutant unable to bind to MDAS is at-
tenuated in vivo (248). V protein binds also to LGP2. VP35
interacts directly with the kinase domains of TBK1 and IKKe
and acts as a competitive substrate for phosphorylation. In
addition, VP35 promotes the conjugation of IRF7 with
SUMO, a small ubiquitin-like protein that represses the tran-
scriptional activity of IRF7. VP35 acts as a scaffold between
IRF7 and the SUMO E2 and E3 enzymes Ubc9 and PIASI,
respectively (45). Measles virus V protein binds to RelA
(NF-kB p65 subunit) and prevents its nuclear translocation.
Thus, V suppresses NF-kB activity that is required for many
cytokine responses. Binding sites map to the C-terminal do-
main of V and the RHD N-terminal domain of RelA, which
are responsible for dimerization, nuclear import, and DNA
binding (255) that are predicted to inhibit its regulatory activ-
ities (212).

Rubulavirus V protein, RABV P protein, and filovirus VP35
prevent the phosphorylation of IRF3 by TBK1 and IKKe (31,
166, 223, 239) (Fig. 5).

C proteins from RPV (30), MeV (262), and SeV (82, 89,
270) inhibit the activation of the IFN-B gene mediated by
RIG-I stimulated by an artificial RNA agonist (30, 262, 270) or
by viral infection. This effect is moderate and variable accord-
ing to the virus strain (30, 77) and is also observed in cells
devoid of the IFN/IFNAR amplification loop (30). The RPV C
protein acts downstream of the phosphorylation, dimerization,
and nuclear import of IRF3, i.e., possibly at the level of the
IFN enhanceosome (Fig. 5). This would require C protein
shuttling into the nucleus. Accordingly, the closely related
MeV C protein is endowed with such shuttling properties
(201), but the underlying mechanism is unknown.

The VSV matrix (M) protein induces a global inhibition of
host gene expression (73) (Fig. 5). This activity is genetically
separable from its role in virus structure and assembly as
shown by M mutants that are selectively defective (5, 22, 75,
78). When expressed alone by transfection, M protein inhibits
transcription by all three host RNA polymerases (3) and the
nuclear-cytoplasmic transport of host RNA (102, 294). This
blocks the membrane-associated Akt/mTor signaling, as early
as 2 h postinfection, which corresponds to the onset of detect-
able M protein and requires virus transcription (66). Transla-
tion of host mRNA is also impaired in VSV-infected cells, due
in part to the activity of M protein (5, 21). VSV M protein lacks
enzymatic activity, and its inhibitory activity is likely mediated
by binding to host factors and interfering with their normal
function. One factor is Rael (72), which is implicated in
mRNA transport and regulates the mitotic spindle assembly
and mitotic checkpoint regulation (9, 24, 307). M protein and
Rael are found associated in complexes made of several pro-
teins, including Nup98, hnRNP-U, and E1B-APS, that are
involved in mRNA transport and other cellular functions (44,
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72, 294). Binding of M protein to the Rael-Nup98 complex is
thought to be responsible for the inhibition of nuclear-cyto-
plasmic RNA transport, although Rael is not essential for
mRNA transport (9, 24, 307). The broad distribution of Rael
throughout the cytoplasm and the nucleus suggests its involve-
ment in several steps in host gene expression.

Because of the global inhibition of host gene expression by
VSV M protein, cells infected with wild-type (wt) VSV pro-
duce very little IFN or other cytokines. Likewise, treatment of
VSV-infected cells with IFN has relatively little effect on virus
yield. However, once the antiviral state becomes established by
pretreating cells with IFN, primary transcription of VSV is
inhibited (173, 175) and the virus does not have a mechanism
to suppress the response to IFN. Hence, the very peculiar
phenotype of VSV, which is probably the most efficient virus in
prevention of both the activation of the IFN-B gene and the
establishment of an antiviral state and the least capable of
invading cells that have activated antiviral defenses.

The inhibition of host gene expression by M protein is not
essential for virus replication in a single-cycle infection, and
many M protein mutants of VSV that are defective in their
ability to inhibit host gene expression replicate as well as or
better than wt viruses in most cell types in vitro. However, they
are unable to perform multiple cycles of infection of cells that
are competent to produce and respond to IFNs (2, 5, 267).
Accordingly, such M protein mutant viruses are dramatically
attenuated in intact animal hosts (2, 267). Following intranasal
inoculation, M protein mutant VSV replicates in the nasal
epithelium. However, in contrast to the wt VSV, this mutant is
rapidly cleared and does not invade the central nervous system
(CNS) (4), because of the local production of type I IFNs that
it induces (286).

Suppression of the Response to IFN

The IFN-a/ receptor, IFNAR, is made of two subunits, the
cytosolic tails of which recruit the Jakl and Tyk2 tyrosine
kinases. Upon IFN binding, these kinases are activated and
become autophosphorylated. They then phosphorylate STAT1
and STAT2, which heterodimerize and associate with IRF9 to
form the ISGF3 transcription complex. ISGF3 is translocated
into the nucleus to bind to the interferon-sensitive response
element (ISRE) of the ISGs (229). This pathway is specifically
targeted by many Mononegavirales according to strategies with
features that can be common or subtly distinct (Fig. 6).

The autophosphorylation of Jakl and Tyk2 and the phos-
phorylation of STAT1 and STAT?2 are inhibited by the matrix
VP40 of Marburg virus (MARV) by an unknown mechanism
(288). Measles virus V protein binds to Jakl and prevents
STAT]1 phosphorylation (35). Measles virus and other morbil-
livirus V and P proteins bind to STATI via a conserved ty-
rosine motif present on their shared N-terminal domain (61),
away from the Jakl binding site. The unique C-terminal do-
main of V binds to STAT2 via two conserved tryptophan res-
idues (35) that are located away from the MDAS binding site
(227, 248). Together with the ability of V protein to form
macromolecular complexes including STAT1, STAT2, and
IRF9 (210), this suggests that V protein acts as a molecular
scaffold, which prevents both STAT1/2 phosphorylation (275)
and nuclear translocation of the ISGF3 complex. A single
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mutation that abolishes STAT1 binding results in a virus ex-
hibiting an attenuated phenotype in vivo (60). Henipavirus P,
V, and W proteins similarly sequester STATs away from acti-
vation. In addition, the W protein possesses a potent nuclear
localization signal that interacts with karyopherin a3 and o5,
pointing to a possible regulatory function at the level of nu-
clear-cytoplasmic transport (see reference 228) for a review).

STATS can be targeted for proteasome degradation (Fig. 6).
V proteins from the Rubulavirus genus, such as mumps virus
and PIVS, bind STAT1/STAT2 complexes and recruit other
cellular components to form an active ubiquitin E3 ligase.
Through independent interacting sites, V binds to DDBI1 to
recruit the cullin family member Cul4A. The C-terminal do-
main of V protein mediates homo- and hetero-oligomerization
of a spherical molecular complex large enough to be seen in
the electron microscope. V protein acts as an enzymatic scaf-
fold that hijacks cellular E3 ligase components. It uses STAT2
as a substrate adaptor for the ubiquitination of STAT1 by
DDBI1/Cul4A, leading to its proteosomal degradation (see ref-
erence 228 for a review). The pneumovirus genome includes
two separate genes, NS1 and NS2. Via a consensus binding
site, NS1 assembles with another E3 ligase complex made of
elongin C and cullin 2. The NS1/NS2-elongin/cullin E3 ligase
complex is thought to recruit STAT2 for ubiquitination and
proteasomal degradation (68). The cumulative inhibitory effect
on RIG-I (160) and IFNAR signaling (68) likely explains the
particular resistance of RSV to the IFN system (86, 88).

Further down the signaling pathway, the sequestration can
occur before or after the phosphorylation of STATs (Fig. 6).
NiV W protein binds to inactive STAT1 and sequesters it into
the nucleus (52). The binding of RABV P protein to phosphor-
ylated STAT1 and STAT?2 prevents their translocation to the
nucleus by anchoring the phospho-STAT1 complex onto mi-
crotubules (32, 188, 189, 291, 292). This effect requires P ex-
port from the nucleus and is critical for RABV pathogenicity in
vivo (117). The STATI1/STAT2 complexes that may escape
sequestration in the cytoplasm are prevented from binding to
their DNA targets by their association with nuclear truncated
P protein isoforms (292). An alternative strategy is used by the
EBOV VP24 membrane-associated protein by binding
karyopherins al, a5, and a6. These are intracellular receptors
that recognize the nuclear localization signal on phospho-
STAT1. Thus, VP24 likely acts as a competitive inhibitor that
prevents the nuclear import of STAT1/STAT2 complexes (182,
235, 236).

CONTROL OF VIRUS INFECTION BY IFN-INDUCED
ANTIVIRAL EFFECTORS

The antiviral activity mediated by the type I IFN response is
complex, with both induction of a cell-intrinsic antiviral cellu-
lar program and stimulation of the adaptive immunity (197).
The IFN-induced antiviral state against a given virus is medi-
ated by the cooperative action of multiple antiviral molecules
(245). So far, five major innate antiviral mechanisms have been
unraveled: (i) RNA modification; (ii) translation impairment,
which is likely of major importance owing to the prominent
impact of translation on the expression of cellular protein
(258); (iii) protein tagging; (iv) inhibition of nucleocapsid as-
sembly; (iv) prevention of virus release; and (v) blockade of
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virus entry. It is beyond the scope of this review to describe in
detail every antiviral effector. Indeed, every type of virus is
susceptible to a particular set of antiviral effectors (254). In-
stead, VSV, a virus highly sensitive to IFN, will be used as a
model to illustrate the complexity and redundancies of effec-
tors.

The adenosine deaminase acting on RNA (ADARI1) is an
RNA-editing enzyme that catalyzes the conversion of adeno-
sine to inosine. Inosine is recognized as a guanosine by trans-
lation and polymerase machineries. Hence, mutations can ac-
cumulate on viral and cellular RNAs, including noncoding
RNAs (202), with multiple effects, as shown by the essential
role of ADARI to maintain fetal and adult hematopoiesis (99).
The IFN-inducible ADARI1 p150 isoform is inactive against
VSV, while being a restriction factor for paramyxoviruses
(298). In the latter case, one can speculate about the possible
involvement of ADARI in the A-to-G hyperediting of the
MeV M gene observed in brain tissue from cases of measles
inclusion body encephalitis and subacute sclerosis panen-
cephalitis (42). Likewise, VSV is poorly sensitive to the RNA
degradation mediated by the 2,5-oligoadenylate synthetase/
RNase L pathway (63, 130, 264). PKR, which inactivates the
translation elongation factor eIF2 by phosphorylation, is re-
quired to control VSV infection in vivo (266) but not in vitro
(130). The ubiquitin-like ISG15 is dispensable (209). Mx
GTPases postulated to act on viral nucleocapsids are partially
required for controlling VSV (145, 257) and rabies virus but
not paramyxoviruses (152-154). Interestingly, this effect is spe-
cies dependent, with chicken Mx being inactive against VSV
and SeV (16). Tetherin inhibits VSV release from infected
cells as it does for many viruses, including Filoviridae (301).
The interferon-induced transmembrane protein 3 (IITM3)
blocks VSV entry at postendocytosis step (301). Interestingly,
the two latter antiviral effectors act also as restriction factors
due to a basal expression of already-active molecules (301).
Additional antiviral effectors active on VSV include IFIT3
(IFN-induced protein with tetratricopeptide repeats 3) (250)
and ISG20 (69) via translation inhibition (58) and an unknown
mechanism, respectively.

INFECTION DRIVEN BY INTERPLAY BETWEEN VIRUS
AND INNATE IMMUNITY

RLRs Are the Primary Major Players in
Recognizing Mononegavirales

Mice that lack the signaling nodes, i.e., IPS-1 for RLRs and
MydS88 for TLR, have been used to decipher the respective
role of these two types of PRRs in recognizing negative-strand
RNA viruses. In vitro, pDCs are the only cells where the TLR/
Myd88/IRF7 pathway is preferentially used, whereas in all
other cell types, including myeloid DCs and macrophages, the
RLR/IPS-1/IRF3 pathway is exclusively used (17, 123, 126, 141,
318). Thanks to the seminal work of Kumagai et al., the kinet-
ics of IFN activation in various cell types during virus infection
of a transgenic mouse expressing a fluorescent protein under
control of the promoter of IFN-a6 has been unraveled (Fig. 7)
(141). After pulmonary infection of these mice with Newcastle
disease virus (NDV), alveolar macrophages and some conven-
tional DCs (cDCs) present in the lung and in the draining
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FIG. 7. Primary role of the RLR/IPS-1 pathway in the control of lung infection by paramyxoviruses. (Top) Intranasal infection of normal mice
with NDV results in IFN-a activation by the alveolar macrophages (AM) and conventional dendritic cells (cDC), leading to a limited virus burden
locally with rapid virus clearance; consequently, local plasmacytoid DCs (pDC) are poorly activated to produce IFN-a. (Middle) In infected
Myd88 ™/~ mice, the deficient TLR/Myd88 pathway prevents pDC from producing IFN-a. The virus burden, IFN-«a production, and virus clearance
are subnormal. (Bottom) In infected IPS-1~/" mice, the deficient RLR/IPS-1 pathway prevents both AM and ¢DCs from producing IFN-a. The
virus burden increases, and the IFN-a production and virus clearance are delayed. (Based in part on data from reference 141.)

lymph node, but not pDCs, are IFN producers via the IPS-1
pathway. After an initial local replication, the NDV infection is
rapidly cleared. In MyD88 /" mice, the circulating IFN pro-
duction and viral clearance are modestly reduced, indicating
that some TLR-dependent activation also occurs upon NDV
infection. If alveolar macrophages are locally destroyed by
chemical instillation or if the IPS-1 gene is knocked down,
pDCs become the major IFN producers via a Myd88 pathway.
However, their activation and IFN production are delayed by a
few hours, while NDV replication is strongly enhanced. NDV
clearance is strongly delayed particularly in IPS-1~/~ mice.
When mice are infected intranasally with the mouse pathogen
SeV, alveolar macrophages and c¢DCs fail to produce IFN, but
pDCs are strongly activated to produce IFN and mice die of
SeV infection. In marked contrast, infection with a C-deficient
SeV resembles the NDV infection, with exclusive IFN produc-
tion by alveolar macrophages and cDCs. Correspondingly, the
C-deficient SeV is successfully cleared. Thus, virulence is de-
termined by the ability of the virus to primarily subvert the
RLR/IPS-1 pathway in alveolar macrophages and cDCs. When
the first line of IFN response is inefficient in controlling the
infection, pDCs act as a second line of defense by producing

large amounts of IFN. However, the route of infection is a
critical issue. Indeed, after nonnatural intravenous and intra-
muscular injections, the Myd88-dependent IFN production by
pDCs becomes more critical in controlling the virus burden
(141, 146, 318). The relative importance of the RLR/IPS-1 and
TLR/Myd88 pathways can differ according to the virus species.
For example, infection by RSV activates both pathways, with a
prominent role of TLR/Myd88 in virus clearance, possibly be-
cause of the ability of RSV to sustain growth even in the
presence of some IFN (17).

The TLR pathway can be the target of viral countermea-
sures. V proteins from paramyxoviruses bind to IRF7 via a
tryptophan-rich region (135), leading to a block of TLR7/
TLRO signaling in a reconstitution system. V from MeV also
interacts with the upstream kinase IKKa (215). Whether such
a viral countermeasure is operative in pDCs and in vivo re-
mains an open question. Indeed, ex vivo, the infection of hu-
man pDCs by MeV is associated with massive expression of
IFN, but viral gene expression is hardly detectable, thus raising
the question of whether there is any intracellular expression of
the nonstructural V protein (65). Likewise, in vivo, when
mouse alveolar macrophages are destroyed, SeV induces a
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strong TLR/Myd88-dependent response in pDCs despite ex-
pressing both functional C and V proteins (141).

Besides its role as a secondary IFN-mediated line of defense,
the TLR/Myd88 pathway is critically involved in the induction
of inflammation, activation of Th1, and stimulation of antibody
responses (126, 146, 318). Thus, by virtue of the multiple roles
of type I IFN in the adaptive response, the interplay between
RLRs and TLRs ensures the robustness of the immune re-
sponse (126).

Upon recognition of RSV, optimal production of type I IFN
also involves Nod2, a component of the inflammasome (244).
However, a direct recognition of viral RNA by Nod2 remains
to be demonstrated (122), and the lack of basal expression of
Nod2 precludes any primary role in detecting viral transcrip-
tion (244). Thus, Nod2 is more likely a positive regulator of the
RLR pathway. Future studies will decipher the cross talk be-
tween the different PRR pathways to unravel their respective
contributions in recognizing every virus family.

Strangely, in studies aimed at deciphering the respective
roles of RLRs and TLRs, the amounts of available viral par-
ticles at various times postinfection have been largely ignored.
In natural infections, the amounts of infectious virus reaching
the airway mucosae (the main route of entry for most Monon-
egavirales) are likely to be very low, on the order of only a few
infectious units (range of ca. 1 to 100 infectious units). Such a
low virus load is unlikely to be able to reach enough pDCs
deeply embedded in the mucosae to give rise to a potent IFN
response. Instead, alveolar macrophages and local cDCs (and
possibly airway epithelial cells) are likely to become infected,
as demonstrated experimentally for NDV, VSV, and SeV
(141) and MeV (148). If the virus does not counteract the
RLR-mediated IFN production by alveolar macrophages, the
infection is largely abortive. In this case, the virus progeny is
too limited to reach and activate a large number of pDCs. If
the virus efficiently counteracts the RLR-mediated IFN pro-
duction and/or the IFN-induced antiviral state within the alve-
olar macrophages, there is a large production of virus particles
that become available to (i) infect many other permissive cells
and (ii) reach numerous pDCs to activate their program of
TLR-mediated IFN production. Thus, the outcome of a virus
infection strongly and successively depends on its ability to
prevent RLR-mediated IFN response, to possibly counteract
the TLR-mediated response of the pDCs, and to escape the
late adaptive immune response. Because Mononegavirales
seem to be much more equipped with countermeasures against
the RLR pathway than with those against the TLR pathway,
their recognition by RLRs is likely of critical importance in
determining the outcome of the infection.

Successful Infection despite IFN Response

Most, if not all, Mononegavirales are paradoxically inducers
of an IFN response that can prevent their dissemination to
neighboring cells. Multiple strategies and/or opportunities al-
low virus spreading that accounts for virus-induced diseases.
Several examples can illustrate the complexity of the interplay
between the virus and innate immunity.

A highly virulent virus can elicit a strong innate immune
response in the host. Virulent NDV, but not an attenuated
vaccine strain, induces early and strong IFN and inflammatory
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responses in chickens, both in vitro and in vivo (243). Possible
explanations for this discrepancy are different kinetics of virus
infection and IFN production by bystander noninfected cells
and/or the use of IFN and cytokines to increase the number of
cells that are the major target for NDV replication.

Because of their transcription activity in the cytosol,
paramyxoviruses appear to intrinsically activate the intracellu-
lar innate immunity upon entry. However, the transcription
promoter of wild-type PIVS (formerly simian virus 5 [SV5])
has evolved to synthesize low levels of RNA at early times
postinfection, thus limiting the IFN response (172). Further-
more, analysis of viruses isolated from individual plaques gen-
erated by infection at low multiplicity surprisingly revealed that
an IFN response was induced by viruses from a minority of
plaques (49), as if there is a virus polymorphism at the popu-
lation level, with a minority of IFN inducers and a majority of
noninducers of IFN. The virus can also propagate into adjacent
cells in the antiviral state. The replication cycle of PIVS is
severely slowed in IFN-primed cells. However, some viral tran-
scription and replication can occur, resulting in the progressive
degradation of STATI. Consequently, the IFN stimulation
progressively vanishes and permits the delayed onset of effi-
cient PIVS replication. To escape neutralization by the antivi-
ral state, the incoming nucleocapsid initially forms a small
cytoplasmic body that could shield the viral transcription ma-
chinery from cellular antiviral activity (39). Kinetics analysis
and mathematical modeling (261) and maintenance of IFN
signaling during henipavirus infection of human cells (293)
further argue for a subtle and dynamic equilibrium between
activation of intracellular innate immunity and virus replica-
tion.

Produce Virus and/or Type I IFN?

As discussed above, every member of the Mononegavirales is
able to dampen the production of cytokines and IFNs and to
prevent the onset of an antiviral state. Yet, in most cases, high
levels of IFNs and other cytokines are produced systemically
and/or locally at the site of infection. Indeed, the inflammatory
response very often contributes to the virus-induced pathology,
while direct cytopathic effects may not have major adverse
effects. What then are the sources of these cytokines? VSV
infection of mice provides two complementary answers. Before
describing them, it is remarkable that in vitro, almost no animal
cell resists VSV infection, likely because of the use of a ubig-
uitous but undefined cellular receptor(s) that requires the ex-
pression of the endoplasmic reticulum chaperone gp96 (23). In
contrast, in vivo, VSV is restricted to few tissue-specific cells,
and invasion of nonnatural hosts is not so frequent.

After intranasal inoculation (Fig. 8A), VSV spreads from
the nasal epithelium through the olfactory tract to the CNS
over about 6 to 7 days. Nasal epithelial cells and neurons are
the main producers of virus during this process (110, 218).
Some virus can occasionally be found in the lungs, draining
lymph nodes, and spleen. In contrast, type I IFN is mostly
absent from the CNS but can be detected in the serum, spleen,
and lungs (286). A subset of plasmacytoid dendritic cells in the
spleen is likely the main source of this IFN (11). These cells are
relatively resistant to the inhibition of host gene expression by
VSV M protein, as are also the TLR7" myeloid dendritic cells
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FIG. 8. Influence of route of inoculation on the ability of VSV to invade mouse brain. (A) Neuroinvasion from nasal infection with VSV;
(B) mechanism preventing neuroinvasion after peripheral inoculation with VSV. See the text for details and references.

(6, 295). Consequently, they can respond to VSV infection by
producing type I IFN and other cytokines, although they pro-
duce only a limited amount of infectious virus (6). However,
the systemic IFN is generally unable to prevent CNS invasion
by VSV, likely because of its inefficient penetration into this
tissue. Indeed, the intranasal inoculation of M protein mutant
VSV induces a local production of IFN and other cytokines
that prevents neuroinvasion (286). The extent of morbidity and
mortality resulting from intranasal infection with virulent VSV
is somehow variable (12, 67, 286), due to possible local control
of the VSV infection. Indeed, astrocytes and microglial cells
also express TLR7 (33). They are partially resistant to the
inhibitory effect of VSV M protein, are poor producers of

infectious virus, and can produce IFN and cytokines in re-
sponse to VSV infection (18, 48, 79).

Peripheral inoculation of low doses of VSV does not lead to
neuroinvasion unless the mouse is immunocompromised, e.g.,
due to the lack of IFNAR (Fig. 8B). The only cells that repli-
cate the virus are the subcapsular sinus macrophages of the
draining lymph node, with macrophages of the medulla being
nonpermissive (111). Subcapsular sinus macrophages both are
permissive for VSV infection and respond by producing high
levels of type I IFN. They also recruit IFN-producing plasma-
cytoid dendritic cells. This local strong IFN response prevents
VSV neuroinvasion via the infection of the intranodal nerves.
The high efficiency of this cellular barrier is illustrated by
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the successful VSV neuroinvasion upon local destruction of
these macrophages that permits the infection of the intran-
odal nerves. This demonstrates how the outcome of a viral
infection can depend on a cell type that is highly permissive
to virus replication and consequently produces high levels of
type I IFN.

A Stealth Pathway for Successful Neuroinvasion

Peripheral inoculation of RABV results in systemic and lo-
cal type I IFN production in the CNS (120, 121, 185). Dendritic
cells are poor producers of infectious virus but respond to
RABYV infection by producing large amounts of IFN, mostly
via a RIG-I-mediated activation pathway. Thus, the activation
pathway of innate immunity in dendritic cells is resistant to the
inhibition by RABV P protein (74). Importantly, field strains
of RABV are more virulent than vaccine strains, and this
correlates with a reduced level of viral gene expression and a
correspondingly poor antiviral response (187, 297). Thus, the
pathogenicity requires that RABV associates a potent suppres-
sive activity against the IFN response of permissive cells with a
reduced viral gene expression in the cells of the innate immune
system to limit the IFN response. In other words, RABV
“[uses] stealth to reach the brain” (253).

Cell Diversity and Genetic Variability of Virus and Host

There are likely additional cells of the innate immune system
that are capable of responding to virus infection without being
directly infected or by being abortively infected and thus are
not subject to viral inhibitory mechanisms. For example, nat-
ural killer cells and other lymphoid cells are largely nonper-
missive for infection by some viruses yet have mechanisms to
recognize and respond to virus-infected cells. Another source
of such cells would be those normally permissive to virus in-
fection but rendered nonpermissive by their response to type I
IFN. For example, most conventional dendritic cells are sus-
ceptible to VSV infection but are unable to respond due to the
inhibitory effects of M protein (1, 6, 168, 295). However, den-
dritic cells that have been exposed to type I IFN could be
abortively infected and in turn become an additional source of
IFN and cytokines (168). Cells of the innate immune system
that are capable of responding to virus-induced tissue damage
and other “danger signals” in addition to viral products also
likely contribute to the development of the antiviral defenses
(183). Because of the tissue-specific distribution of these cell
types and the heterogeneity of their response (183), their role
in tissue-specific responses to viral tropism and pathogenesis
deserves future investigation.

Last but not least, the outcome of the interplay between the
innate immunity and a virus results from the (non)complemen-
tarity of the genetic polymorphism of the innate immunity
machinery of the host and that of the virus. For example,
human primary dendritic cells and epithelial cells display a
large variety of levels of their IFN responses depending on the
infecting strain of measles virus (65, 129, 274), and a mutation
in V protein that is deleterious for counteracting MDAS can
contribute to the attenuation phenotype of the vaccine strain.
Likewise, for a given virus, dendritic and/or peripheral blood
cells from different donors also produce a wide range of IFN
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levels (65, 200). Accordingly, allelic polymorphism of genes
belonging to the innate immune system is increasingly ob-
served, as in the case of RIG-I (107, 222, 263). The high
frequency of allelic variants of RLRs with variable activity in
the human population could reflect their particular adaptation
to respond to some viruses and/or their involvement in auto-
immune disease associated with viral infection (263).

CONCLUSION

The outcome of a virus infection, from abortive (asymptom-
atic) to disastrous (illness and death), relies primarily on a
complex interplay between virus replication and its control by
the cellular innate antiviral response. The innate immune re-
sponse plays a crucial role both as an antiviral shield and as a
contributor to the pathogenicity. Indeed, the adaptive response
alone cannot control Mononegavirales infections in the absence
of an intact IFN system. This system involves a growing num-
ber of factors engaged in an amazingly complex molecular
choreography finely tuned to recognize subtle indicators of
virus infection. RNA viruses have coevolved by developing
multiple and redundant strategies designed to avoid the expo-
sure of abnormal RNA patterns and to block the activation of
innate immunity by interfering with the pathways controlling
the induction of, and the response to, type I IFN. The hetero-
geneity of innate antiviral responses of tissue-specific cell sub-
sets (167) and the variability of their permissiveness to viruses
add another level of complexity in vivo. Hence, there are mul-
tiple ways of controlling virus infection and multiple strategies
for escape from the viruses according to the route of entry into
the body.

What can be expected from future investigations? Most of
the factors involved in the molecular choreography of innate
immunity and virus replication should soon be known, but
knowledge of the sophisticated dynamics that link them will
require much more intensive investigation. Caution will have
to be taken to consider any data in the precise context of the
virus-host combination to ensure the correctness of the pro-
posed model. This will require full knowledge of (i) the tissue-
specific cell subtypes that are virus targets or direct innate
immunity players, (ii) the genetic background of the host, pos-
sibly at the tissue-specific cell subtype level, and (iii) the mul-
tiallelism of the virus genome and its evolution during tissue
propagation, with selection of either the genomic variants with
highest fitness or a viral subpopulation as a whole according to
the quasispecies theory (103, 180). Finally, the extension of
such searches in the context of species restriction of virus will
uncover how a given species has so far escaped sensitivity to
infection by a given virus and, conversely, how a nonnatural
host can be exquisitely sensitive to a virus naturally hosted by
another species. This holds particularly true for viruses that use
universal cellular receptors and are able to grow in vitro in cells
from a large set of animal species, such as, for example, VSV
and SeV in the former case, and Ebola virus and Hendra/
Nipah viruses in the latter case (84).
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