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Abstract Production of type I IFN is the key response to viral infection. Since the dis-
covery of type I IFNs in 1957, long double-stranded RNA formed during replication of
many viruses was thought to be responsible for type I IFN induction, and for decades
double-stranded RNA-activated protein kinase (PKR) was thought to be the recep-
tor. Recently, this picture has dramatically changed. It now became evident that not
PKR but two members of the Toll-like receptor (TLR) family, TLR7 and TLR9, and
two cytosolic helicases, RIG-I and MDA-5, are responsible for the majority of type I
IFNs induced upon recognition of viral nucleic acids. In this review, we focus on the
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molecular mechanisms by which those innate immune receptors detect viral infection.
Based on the recent progress in the field, we now know that TLR7, TLR9, and RIG-I do
not require long double-stranded RNA for type I IFN induction.

1
History of Type I IFN Induction

Type I IFNs (IFN-o isoforms and IFN-[) are regarded as the dominant media-
tors of antiviral defense in vertebrates. Since their initial discovery half a cen-
tury ago as acid-stable, soluble factors “interfering” with viral proliferation
in cultured cells (Isaacs and Lindenmann 1957; Nagano and Kojima 1958),
intense research has focused on type I IFN receptor signaling and the plethora
of type I IFN-mediated effects (Theofilopoulos et al. 2005). For the host, an
intact type I IFN response is critical for the survival of many viral infec-
tions (Gresser et al. 1976; Muller et al. 1994). Sensing of viral replication has
been proposed to be responsible for triggering the production of type I IFNs
by infected host cells. However, the specific host immune receptors and their
respective molecular ligands remained elusive until very recently. Moreover,
to mount an appropriate antiviral response, the innate immune system must
distinguish viruses from bacteria, fungi, and multicellular parasites. Charles
Janeway was the first to propose that the detection of highly conserved patho-
gen-associated molecular patterns (PAMPs) may be mastered by a limited
number of germline-encoded pattern recognition receptors (PRRs) (Janeway
1989). A few years later, the first experimental evidence of such a receptor came
from the fruit fly (Lemaitre et al. 1996). Shortly afterwards, a member of the
family of toll-like receptors (TLR), the mammalian homolog of Drosophila toll,
was demonstrated to be responsible for detecting lipopolysaccharides (LPS),
a characteristic component of the cell walls of Gram-negative bacteria (Med-
zhitov et al. 1997; Poltorak et al. 1998). This observation was confirmed by the
subsequent generation of TLR4-deficient mice (Hoshino et al. 1999).
Parasites, bacteria, and fungi rely on a multitude of molecules that are distant
in evolutionary terms from the mammalian organism, and are thus readily
discernible as non-self by members of the Toll-like receptor (TLR) and NOD-
like receptor (NLR) families (reviewed in Meylan et al. 2005). In sharp con-
trast, all components of viruses are produced within the infected host cell, and
therefore lack distinguishable non-self molecular patterns. Nevertheless, viruses
are promptly recognized by the innate immune system and elicit pronounced
antiviral type I interferon and cytokine responses. Shortly after the discovery
of type I interferons, it was proposed that viral nucleic acids could be stimu-
lating the type I IFN response (Isaacs et al. 1963). Many viruses synthesize
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double-stranded RNA (dsRNA) during their replication cycle (Baltimore
et al. 1964; Montagnier and Sanders 1963), whereas dsSRNA was thought to be
absent in uninfected cells. Therefore dsSRNA formed during viral infection was
postulated to be the molecular signature of viral infection. In support of this
hypothesis, the enzymatically generated double-stranded RNA polynucleotide
polyinosinic:polycytidylic acid (poly I:C) was found to be a potent inducer of
type I IFN (Field et al. 1967). Although the authors carefully emphasized that
all other double-stranded polynucleotides were inactive, the notion that long
viral double-stranded RNA elicits type I IFN became commonplace, and poly
I:C has been used as an interferon-inducing mimic of viral dsRNA ever since.

2
Long Double-Stranded RNA and the Activation
of Antiviral Effector Molecules

In early attempts to uncover the inducers of interferon and of other media-
tors of antiviral activity, IFN-o and poly I:C-treated or reticulocyte extracts
were analyzed. Chromatographic separation of lysates revealed proteins that
were increased by preincubation with IFN-o, and whose enzymatic activity
depended on the presence of dsRNA (usually poly I:C) (Farrell et al. 1978;
Hovanessian et al. 1977; Zilberstein et al. 1978). Two proteins, interferon
inducible double-stranded RNA-activated protein kinase (PKR) and the 2°,5’
oligoadenylate synthetase (OAS) could be affinity purified using poly I:C-cellu-
lose (Farrell et al. 1978; Hovanessian et al. 1977). Both activated PKR and OAS
were found to block translation of viral RNA by distinct mechanisms. In the
presence of poly I:C, OAS catalyzes the synthesis of 2’,5” oligomers of adenosine
(2-5As) (Hovanessian et al. 1977; Zilberstein et al. 1978), which activate RNase
L (Farrell et al. 1978). RNase L in turn degrades single-stranded viral and cel-
lular RNAs (Farrell et al. 1978) in a sequence-independent manner (Minks et
al. 1979). Consequently RNase L-deficient mice displayed a reduced antiviral
activity of IFN-q, as well as impaired apoptosis (Zhou et al. 1997). In contrast,
the serine threonine kinase PKR was found to more specifically block the trans-
lation of viral RNA (Farrell et al. 1978) by phosphorylation of the eukaryotic
translation initiation factor elF2a.

Besides its function in limiting translation of viral protein, PKR was also
reported to activate NF-xB (Kumar et al. 1994). PKR was therefore proposed
as a key receptor mediating virus- and dsRNA-induced production of type I
interferons (Kumar et al. 1994). However, these findings remained controversial,
as other studies that examined PKR-deficient mice and cells (Chu et al. 1999;
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Iordanov et al. 2001; Maggi et al. 2000; Smith et al. 2001; Yang et al. 1995) found
no defects in the induction of interferon in response to poly I:C or viral infec-
tion that could not be overcome with type I IFN pretreatment.

Further analysis revealed that PKR is not only activated by poly I:C but is able
to interact with dsRNA as short as 11 bp. However, at least 30 bp are required to
activate PKR kinase activity (Manche et al. 1992). In another study (Zheng and
Bevilacqua 2004 ), recombinant PKR could also be activated by RNA oligonucle-
otides containing a 16-bp dsRNA stem loop in combination with a more than 11-
bp-long single-stranded RNA part at the 5" or 3" end. All these studies question
the often quoted requirement of a dsSRNA molecule longer than 30 bp; further-
more, it became evident that the translational shut-down by PKR is not linked to
the induction of type I IFN synthesis and secretion. The finding that PKR™ cells
still produce type I IFNs spurred further research on receptors capable of rec-
ognizing long double-stranded RNA. Such investigations led to a member of
the Toll-like receptor (TLR) family, TLR3, which was proposed to bind to long
dsRNA and to induce IFN-[3 (Alexopoulou et al. 2001). TLRs are transmembrane
receptors that were shown to recognize a variety of conserved pathogen-
associated molecular patterns (PAMPs) of bacterial, fungal, and parasitic origin.
The study of Alexopoulou et al. was the first to demonstrate a role for TLRs in the
recognition of viruses. TLR9 was found to be the receptor for unmethylated CpG
motifs in DNA (Hemmi et al 2000); however, CpG-DNA at first was thought
to be characteristic for bacterial DNA, and the role of TLR9 in detecting DNA
viruses was only proposed later (Krug et al. 2004a, 2004b; Tabeta et al. 2004).
Upon engagement with their specific ligands, TLRs trigger signaling pathways
that lead to the activation of NF-xB and IRFs (signaling of TLRs reviewed in
Moynagh 2005). TLR3 was found to induce type I IFNs upon poly I:C stimula-
tion by activation of the kinase TBK1, which phosphorylates the transcription
factor IRF3, resulting in the induction of IFN-f (Doyle et al. 2002; Fitzgerald
etal. 2003; Sharma et al. 2003). Another group reported that TLR3 is activated by
ssRNA (Kariko et al. 2004b); however, TLR3-deficient mice and mice deficient
in the signaling adapter TRIF (Gitlin et al. 2006; Kato et al. 2006) still responded
to poly I:C. Moreover, dendritic cells derived from TLR3-deficient mice were still
stimulated by dsRNA transfected into the cytosol (Diebold et al. 2003).

3
Type | IFN Induction by Nucleic Acids in Immune Cells

Unlike tumor cell lines, which were examined in early studies on type I IFN
and dsRNA, primary immune cells such as peripheral blood mononuclear cells
(PBMC:s) express a wide spectrum of functional TLRs. Different immune cell
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subsets express distinct patterns of TLRs (Hornung et al. 2002). Plasmacytoid
dendritic cells (PDCs) (reviewed in Colonna et al. 2004) are the major pro-
ducers of early type I IFN production upon viral infection. PDCs express
TLR7 and TLR9 but not TLR3. Both TLR7 and TLR9 are located in the endo-
somal compartment and signal via the adaptor molecules MyD88, IRAK1, and
TRAF®6, leading to activation of IRF7 and the induction of type I interferons
as reviewed by Moynagh (2005). In addition, recent studies show that TRAF3
plays a crucial role in the MyD88-dependent signaling cascade (Hacker et al. 2005;
Oganesyan et al. 2005). Single-stranded DNA and the small antiviral com-
pound R848 had been shown to induce IFN in PDCs dependent on TLR9 and
TLR7, respectively (Hemmi et al. 2000, 2002; Jurk et al. 2002; Krug et al. 2001b;
Rothenfusser et al. 2002). TLR9 detects unmethylated so-called CpG motifs in
single-stranded DNA (Hemmi et al. 2000). Different classes of synthetic CpG
oligodeoxynucleotides (ODN) were developed based on the distinct effects on
the two TLR9-expressing immune cell types: PDCs and B cells (Hartmann et al.
2003; Hartmann and Krieg 2000; Krug et al. 2001a).

In contrast to TLR3, both TLR7 and 9 depend on the signaling adapter
MyD88. Accordingly, PDCs derived from TLR9- or MyD88-deficient mice
are unable to produce type I IFN in response to DNA viruses such as her-
pes simplex viruses (HSV) and murine cytomegalovirus (MCMV) (Krug
et al. 2004a, 2004b; Lund et al. 2003; Tabeta et al. 2004). While TLR9 was
responsible for detecting viral DNA, TLR7 was shown to recognize RNA:
TLR7 detects synthetic short (20-27 bases) single-stranded RNA (Diebold
et al. 2004; Heil et al. 2004) and short interfering double-stranded RNA
(siRNA) (Hornung et al. 2005; Judge et al. 2005; Sioud 2005; reviewed in
Schlee et al. 2006). The amount of type I interferon induction was depen-
dent on the RNA sequence. Ironically, Hornung and colleagues came across
a very potent type I interferon inducing small RNA sequence core motif
(5’-GUCCUUCAA-3’) in the attempt to knock down the interferon inducer
TLRY in PDCs using the siRNA technology (Hornung et al. 2005). It was
demonstrated that these siRNAs induce systemic immune activation in
mice, and that the immunological activity required TLR7. Of note, the same
siRNA did not induce type I interferon in immortalized human embryonic
kidney cells (HEK293), which produced type I interferon in response to
poly I:C. In subsequent studies, similar findings were reported by Judge
et al. (2005) (identifying a core motif 5-UGUGU-3’) and Sioud (2005).
In all three studies, transfection with cationic lipids (e.g., DOTAP, lipo-
fectamine) or cationic polymers (e.g., PEI, polyethylenimine) was essential
for the immunological activity of siRNA. The same applies for the immuno-
logical activity of single-stranded RNA (Diebold et al. 2004; Heil et al. 2004;
Scheel et al. 2005).
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4
RNA Modifications Contribute to the Distinction
of Self- Versus Non-self RNA in Inmune Cells

While for short RNA oligonucleotides the immunological activity is clearly
sequence dependent (Hornung et al. 2005; Judge et al. 2005), for long RNA
molecules such as mRNA, sequence specificity of immunological activity
is less prominent (Scheel et al. 2005). This raises the question of how the
immune system is able to distinguish between self and non-self (for example
viral) RNA. This question was addressed recently by Kariko and colleagues
(2005) who showed that human mitochondrial RNA, when transfected into
monocyte-derived dendritic cells, provoked secretion of TNF-o at similar
quantities compared to total RNA isolated from Escherichia coli. In contrast,
RNA of other cellular compartments showed no immunological activity. The
authors proposed that mammalian RNA is masked by naturally occurring
nucleoside modifications that are expected to be similar in closely related
species. According to this concept, mitochondrial RNA is stimulatory since it
resembles bacterial rather than mammalian RNA. In healthy cells, mitochondrial
RNA will not be released. In contrast to other self-RNA, mitochondrial RNA
never enters the cytosolic compartment. As a consequence, mitochondrial
RNA under healthy conditions is not detected by cytosolic mechanisms of
detection. Only if the cell is lysed can mitochondrial RNA enter the endo-
somal compartment of immune cells via phagocytosis. Indeed, the stimula-
tory effect of in vitro RNA transcripts composed of unmodified nucleotides
in their study could be abrogated by incorporation of modified nucleosides such
as pseudouridine, 5-methylcytidine, N6-methyladenosine, inosine, and N7-
methylguanosine. In order to examine modification sensitivity of different
TLRs, HEK293 cells expressing TLR3, TLR7, TLR8, or TLR9 were transfected
with RNA containing modified nucleosides. Transfection of unmodified
RNAs stimulated IL-8 production (sensitive readout for immunoactivation
of HEK293 cells) in HEK293 cells overexpressing TLR3, 7, and 8. Interest-
ingly, RNA recognition by TLR3, TLR7, and TLRS is suppressed by the pres-
ence of different types of modified nucleotides within the RNA ligand. TLR3
was the least sensitive receptor with regard to suppression by nucleoside
modifications. Furthermore, the authors showed that in monocyte-derived
dendritic cells, 5%—10% of modified nucleosides were sufficient to inhibit
TNF-a secretion by 75%-90%. Together, these results show that RNA mod-
ification contributes to the distinction of self versus non-self RNA by the
immune system.
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5
Type | IFN Induction by RNA Mediating RNA Interference

Further insight into the properties that render RNA molecules stimulatory to
the immune system is driven by siRNA technology. Based on studies by Tuschl
and colleagues (Elbashir et al. 2001), siRNA is now used worldwide as a robust
tool for target-specific gene silencing in cell lines and human primary cells.
However, depending on the mode of synthesis and the sequences used to gener-
ate siRNA, also nonspecific, so-called nonspecific off-target effects of siRNAs
were observed.

To overcome limitations with the transfection of synthetic siRNA, vector-
based (e.g., lentiviral) expression systems for the introduction of short hairpin
siRNAs (shRNA) mimicking siRNAs were developed (Brummelkamp et al. 2002;
Harborth et al. 2003; Paddison et al. 2002). The most commonly used shRNA
expression system consists of a RNA-polymerase IIT dependent promoter driving
the expression of two complementary 19- to 29-bp RNA sequences linked by a
short loop of 4-10 nt. The resulting transcript is exported to the cytoplasm and
processed by dicer. Lentiviral vectors haboring the Pol III-shRNA expression cas-
sette (Li et al. 2003; Rubinson et al. 2003; Tiscornia et al. 2003) allow RNAi-mediated
gene silencing via siRNA in cells that are otherwise difficult to transfect.

Sequence specificity of gene silencing by such shRNA was questioned by
Bridge et al. (Bridge et al. 2003), who demonstrated that infection of human
lung fibroblasts with Pol III-shRNA containing lentivirus directed against the
gene MORF4L1 not only silenced MORF4L1 but also stimulated interferon-
inducible genes such as 2’,5"-OAS, an indicator of type I interferon. The IFN-
inducing effect was dependent on the sequence and the dose of the vector; seven
of 23 shRNAs targeting different genes exhibited IFN induction. In contrast,
transfection of synthetic siRNA with the same putative IFN-inducing sequences
led to sequence-specific silencing without triggering an IFN response. North-
ern blot analysis of sShRNA showed that the majority of shRNA transcripts were
correctly processed to 20 nt transcripts. The authors speculated that remaining
unprocessed transcripts could be detected by cytosolic RNA sensing receptors.
In the follow-up paper, the group of Iggo (Pebernard and Iggo 2004), further
correlated the U6 promoter sequence with OAS induction. This study revealed
that the region between -2 (the end of the promoter) and +2 (the start of RNA
transcript) is crucial for the immune stimulatory effect, which was lost when
they used the endogenous human sequence (CCGA). Further mutations lead-
ing to a partial mismatch in the shRNA (predicted to create a 14-bp duplex)
suggested that stimulation required more than a 14-bp duplex.
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William’s group (Sledz et al. 2003) described the induction of IFN target
genes by transfection of synthetic siRNAs into a human glioblastoma cell line
(T98G) or a renal carcinoma cell line (RCC). When comparing the two studies
from Bridge and colleagues and from Sledz and colleagues, it is important to
note that different cell lines (Bridge, human lung fibroblasts; Sledz, RCC and
T98G) and different ways of siRNA generation (Bridge, synthetic siRNAs and
shRNAs; Sledz, synthetic siRNA and T7-phage-polymerase siRNA) were used.

Using mouse embryonic fibroblasts (MEFs) with different gene deficien-
cies related to the IFN response system, Sledz et al. proposed that PKR was the
interferon-inducing receptor for siRNAs. Later, the same group postulated a
different siRNA receptor (RIG-I, see below) in T98G cells (Marques et al. 2006).
Of note, in the two studies published by Bridge et al. (2003) and Sledz et al.
(2003), type I interferon was not analyzed at the protein level.

Kariko et al. (2004a) suggested that TLR3 was responsible for the induc-
tion of type I IFN by siRNA. These data are based on keratinocyte (HaCaT)
and HEK 293 cells, which responded to synthetic siRNA but not to the single-
stranded components (ssRNA) by secretion of low amounts of IFN-f that was
comparable to stimulation with poly I:C. Overexpression of TLR3 in HEK 293
cells resulted in fourfold higher induction of type I IEN secretion in response to
transfected siRNA. However, overexpression of NF-kB-inducing receptors such
as TLR3 may also contribute indirectly to the enhanced type I IFN response
induced by siRNA, for example by upregulating IFN-inducible cytosolic RNA
receptors. For example, TLR3 overexpressing HEK 293 cells secrete more IL-8
than empty vector or TLR9 overexpressing HEK 293 cells (Kariko et al. 2005);
consequently, such studies do not necessarily provide evidence for a direct
interaction between siRNA and TLR3.

Kim etal. (2004) showed that the induction of type I IFN by siRNA depended
on the use of T7-RNA polymerase (T7 RNAP) for siRNA generation. In con-
trast to Bridge et al. (2003) and Sledz et al. (2003), in the study by Kim and
colleagues, type I IFN was measured at the protein level, which is less sensitive
than measuring IFN-dependent responses on the transcriptional level and thus
underscores the magnitude of the IFN response they reported. In their study,
Kim and colleagues examined siRNAs targeting the early ICP4 gene of HSV-1.
Only T7 RNAP-derived transcripts but not synthetic siRNA elicited a potent
antiviral activity when transfected into HEK 293 cells. The same antiviral activ-
ity was observed by transfection of T7 transcripts with unrelated sequences.
Analysis of supernatants revealed the presence of substantial amounts of IFN-o.
and IFN-f protein. These results were reproduced in HeLa cells, as well as K562,
CEM, and Jurkat cells. It is well known that unlike capped mammalian mRNA,
the 5” ends of T7 transcripts harbor a triphosphate GTP-nucleotide. Treatment
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of T7 transcripts with RNase T1 (with the 5" end p-GGG removed, which was
single-stranded in their case) and alkaline phosphatase was sufficient to com-
pletely abrogate interferon-inducing activity. Additional experiments using
T3 and Sp6 phage RNA polymerases demonstrated similar induction of type
I IFN. The examination of multiple cell lines by Kim et al. (2004) pointed to a
powerful ubiquitously expressed sensor for short triphosphate RNA.

6
Detection of RNA in the Cytosol: 3pRNA Is the Ligand for RIG-I

Yoneyama and colleagues identified the interferon-inducing cytoplasmic DexD/
H box RNA helicase RIG-I, containing a caspase recruitment domain (CARD)
(Yoneyama et al. 2004). Expression of the CARD domain sensitized cells to
activate the transcription factor IRF3, leading to the induction of the IFN-3
promoter. Later on it was shown that this pathway involves the IRF3 kinase
TBK1, which is activated by the newly characterized adaptor protein IPS-1, also
known as Cardif, MAVS, or VISA (Kawai et al. 2005; Meylan et al. 2005; Seth
et al. 2005; Xu et al. 2005; reviewed in Sen and Sarkar 2005). In overexpression
experiments, RIG-I was shown to bind poly I:C. However, overexpression of
a dominant negative mutant of RIG-I impaired IRF3 activation by Newcastle
disease virus (NDV), a negative-strand RNA virus, while IRF3 activation by
poly I:C was not inhibited. Subsequent studies with RIG-I"~ mice and MEFs
(Kato et al. 2006) showed no defect in the response to poly I:C.

Hornung and colleagues (2006) demonstrated that RIG-I detects in vitro
transcribed RNA. RNA with a triphosphate at the 5" end (now termed 3pRNA),
which is generated during in vitro transcription, was identified to be the ligand for
RIG-I. The minimal length of 3pRNA was 19 nucleotides. The activity of 3pRNA
was independent of double-strand formation. Both exogenous 3pRNA trans-
fected into the cell and endogenously formed 3pRNA (expression of T7 RNA
polymerase) activated RIG-1. Genomic RNA prepared from a negative-strand
RNA virus and RNA prepared from virus-infected cells, but not RNA from non-
infected cells, triggered a potent IFN-o. response in a 5'-triphosphate-dependent
manner. Binding studies of RIG-I and 3pRNA revealed a direct molecular inter-
action. The 5 capping or incorporation of modified nucleotides such as pseu-
douridine, 2-thiouridine, and 2’-O-methylated uridine in place of uridine in
short 3pRNA strongly diminished IFN-o. induction. In a parallel study, Pichlmair
et al. (2006) attributed the inhibitory effect of the influenza virus protein NSI to
its binding and inhibition of the RIG-I triphosphate RNA complex.
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7
Virus Specificity of 3pRNA Recognition

These results provide evidence that uncapped unmodified 3pRNA is detected by
RIG-I in the cytosol of eukaryotic cells. Of note, all primer-independent RNA
transcripts in a normal uninfected cell initially contain a 5'-triphosphate end.
However, most if not all self-RNA species entering the cytosol lack a free 5’-
triphosphate end. Before self-RNA leaves the nucleus, RNA is further processed,
which applies to RNA transcripts of all three DNA-dependent RNA polymerases
(pol) in eukaryotes. Pol I transcribes a large polycistronic precursor of ribo-
somal RNA (rRNA) that contains the sequences for the mature rRNAs (18, 5.8S,
25-28S rRNA), two external transcribed spacers, and two internal transcribed
spacers. This primary transcript is subjected to endo- and exonucleolytic pro-
cessing steps to produce the mature rRNAs. The net result of this maturation
process is a monophosphate group at the 5" end of all pol I transcribed rRNAs
(Fromont-Racine et al. 2003). Messenger RNAs (mRNAs) and small nuclear
RNAs (snRNAs), which are transcribed by pol II, receive a 7-methyl guanosine
group that is attached to the 5’-triphosphate of the nascent RNA by a process
called capping (Shatkin and Manley 2000). Thus, upon export into the cyto-
plasm, no free triphosphate groups are found in pol II transcripts. All mature
tRNAs (pol IIT) have a 5’-monophosphate (Xiao et al. 2002), as it is likely to
apply to 5S rRNA. U6 RNA receives a y-monomethylphosphate cap structure
following transcription. However, 7SL RNA (pol III) has a triphosphate at the
5" end, and is present at high copy numbers in the cytosol. Therefore, the pres-
ence or absence of a 5" triphosphate might not be the only structural feature of
RNA responsible for the distinction of self and viral RNA.

It is well known that eukaryotic RNA undergoes significant modifications
to its nucleosides and its ribose backbone. Among all nucleoside modifications,
pseudouridinylation is one of the most common post-transcriptional modifi-
cations of RNA that appears to be universal among rRNAs and small stable
RNAs such as splicing small nuclear RNAs (snRNAs), tRNAs, and small nucleo-
lar RNAs (snoRNAs). However, the frequency and location of pseudouridinyl-
ated nucleotides vary phylogenetically. Intriguingly, eukaryotes contain far more
nucleoside modifications within their RNA species. Human ribosomal RNA, for
example, the major constituent of cellular RNA, contains ten times more pseu-
douridine and 25 times more 2-O-methylated nucleosides than E. coli rRNA
(Rozenski et al. 1999). The same applies to eukaryotic tRNAs, the most heavily
modified subgroup of RNA with up to 25% of modified nucleosides. The
host machinery that guides nucleoside modifications and 2’-O-methylation
of the ribose backbone is located in the nucleolus, and consists of RNA—protein
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complexes containing snoRNAs and several associated proteins (snoRNPs)
(Decatur and Fournier 2003). Information on nucleolus-specific nucleoside
modifications or ribose 2’-O-methylation of viral RNA genomes is limited.
Since most RNA viruses do not replicate in the nucleus and modification is
tightly confined to the sequence and structure of their target, extensive modi-
fication of viral RNA seems unlikely. Altogether, post-transcriptional modifica-
tions of eukaryotic RNA such as 5" processing or capping, as well as nucleoside
modifications or ribose backbone methylation, provide the molecular basis for
the distinction of self-RNA generated in the nucleus from viral RNA of cytosolic
origin containing 5'-triphosphate (3pRNA).

The mRNAs of viruses infecting eukaryotic cells also commonly con-
tain 7-methyl guanosine cap-structures at their 5" ends and poly(A) tails
at their 3’ends (Furuichi and Shatkin 2000). Some viruses make use of the
host transcription machinery to acquire caps and poly(A) tails. RNA viruses
that do not rely on the host transcriptional machinery produce their own
capping enzymes or utilize other mechanisms such as snatching the 5’-
terminal regions of host mRNAs. Despite these adaptations of viruses to the
host transcriptional system, viral RNA synthesis leads to transient cytosolic
RNA intermediates with an uncapped 5’-triphosphate end. With notable
exceptions such as the Picornavirus family (see below), viral RNA-dependent
RNA polymerases (RdRp) initiate polymerase activity de novo, without a
specific primer (Kao et al. 2001). As a consequence, these RARp-dependent
transcripts start with an uncapped 5’-triphosphate. This has been studied in
great detail for the replication of positive-strand RNA viruses of the fam-
ily of Flaviviridae (including the genera Flavivirus, Pestivirus, and Hepacivirus);
members of all of these virus genera were reported as being recognized
via RIG-I (Honda et al. 1998; Kato et al. 2006; Sumpter et al. 2005). Seg-
mented NSV rely on a cap-snatched primer for mRNA transcription, yet initi-
ate genomic and the complementary antigenomic RNA replication by
a primer-independent de novo mechanism resulting in a 5’-triphosphate-
initiated transcript (Honda et al. 1998; Neumann et al. 2004). NSV with a
nonsegmented genome (order Mononegavirales), including the Para-
myxoviruses and Rhabdoviruses, initiate both replication and transcription
de novo leading to 5’-triphosphate RNA in the cytosol. Both the full-length
replication products, VRNA and cRNA, and a short leader RNA, which is
abundantly synthesized during initiation of transcription, maintain their 5’-
triphosphate (Colonno and Banerjee 1978; Whelan et al. 2004), while the
virus-encoded mRNA transcripts are further modified at their 5" ends by
capping and cap methylation. Consequently, genomic RNA from NSVs per
se is expected to trigger an IFN-response without the need for replication
and presumed dsRNA formation.
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Consistent with this notion, not only live virus but also RNA purified from
NSV virions (VSV) has been shown to trigger strong type I interferon responses
depending on RIG-I (Kato et al. 2006). Hornung and colleagues confirmed and
extended these observations by demonstrating that dephosphorylation of the
viral RNA isolates completely abolished the IFN-response, thereby indicating
that the 5'-triphosphate moiety is strictly required for recognition (Hornung
et al. 2006).

A notable exception are the viruses in the Picornavirus-like supergroup
(picornavirus, potyvirus, comovirus, calicivirus, and other viruses), which
exclusively employs a protein known as viral genome-linked protein (VPg) as
a primer for both positive- and negative-strand RNA production. This protein
primer is part of the precursor RdRp and is cleaved off as elongation of the
initial complex occurs, usually to become a 5’-genome-linked protein (Lee et al.
1977). Thus during the life-cycle of Picornaviruses uncapped, triphosphory-
lated 5’ ends are absent. Consequently, based on our studies, RIG-I is expected
to be involved in the detection of Flaviviridae and NSV but not Picornaviruses.
This is confirmed in a recent study (Kato et al. 2006).

A number of studies suggested that the helicases MDA-5 and RIG-I rec-
ognize dsRNA (Andrejeva et al. 2004; Rothenfusser et al. 2005; Yoneyama et al.
2004). The results in the work of Hornung and colleagues (2006) demonstrated
that double-strand formation of RNA is not required for RIG-I-RNA interac-
tion, and that dsRNA is not sufficient for RIG-I activation. These results further
demonstrate that MDA-5 is not involved in 5’-triphosphate RNA recognition.
Although there is convincing evidence that MDA-5 is activated by the long
dsRNA mimic poly L:C, activation of MDA-5 by natural long dsRNA is still
controversial (Kato et al. 2006). Taken together, TLR3 is so far the only receptor
that induces type I IFN upon binding of the natural molecule long dsRNA, but
the contribution of TLR3 to type I IFN induction and viral clearance in vivo
seems to be weak (Rudd et al. 2006).

There is good evidence that short dsRNA such as siRNA generated by Dicer-
mediated cleavage of long dsRNA does not elicit a type I IFN response in non-
immune cells (Elbashir et al. 2001; Hornung et al. 2005; Kim et al. 2004). A recent
study suggests that the two-nucleotide overhang at the 3" end of dicer cleav-
age products are essential for the lack of immunorecognition of short dsRNA
(Marques et al. 2006). The same study proposed that synthetic blunt-end short
dsRNA is recognized via RIG-I. The conclusion that RIG-I is the receptor for
blunt end short dsRNA is based on experiments using RIG-I overexpression
and using anti-RIG-1 siRNA (short dsRNA with two-nucleotide 3’overhangs)
on top of stimulation with blunt end short dsRNA stimulation. RIG-I-deficient
cells have not been examined in this study. This experimental design does not
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provide clear-cut evidence for the primary involvement of RIG-I in type I IFN
induction by blunt-end short dsRNA. Furthermore, in the study by Hornung
and colleagues, 5" triphosphate blunt-end RNA and 5" triphosphate 2-nt over-
hang RNA showed identical RIG-I ligand activity, suggesting that the molecular
feature 2-nt overhang does not inhibit RIG-I-mediated recognition (Hornung
et al. 2006).

8
MDA-5 Recognizes Poly IC

MDA-5 is structurally related to RIG-I, as it also contains two CARD domains
and a helicase domain. MDA-5 was originally identified as a type I IFN-induc-
ible molecule mediating cell cycle arrest and apoptosis in melanoma cells
(hence the name melanoma differentiation antigen 5) (Kang et al. 2002, 2004;
Kovacsovics et al. 2002). A first indication of a role for MDA-5 in virus recog-
nition came from the observation that a paramyxoviral protein that mediated
immune evasion bound to MDA-5 (Andrejeva et al. 2004). In overexpression
experiments, MDA-5 was shown to bind poly I:C, and enhanced the inter-
feron response to poly I:C as well as several viruses. Conversely, siRNA medi-
ated knock-down blocked type I IFN induction in response to these stimuli
(Yoneyama et al. 2005). MDA-5 was then shown to play an essential role in
the detection of Picornaviruses such as encephalomyocarditis virus (EMCV) or
Theiler’s virus (Gitlin et al. 2006; Kato et al. 2006). In addition, mice deficient
in MDA-5 were found to be highly susceptible to EMCV. Although the nature
of the natural RNA ligand that engages MDA-5 has so far remained obscure,
a surprising observation was that cells derived from MDA-5-deficient mice, as
well as MDA-5" mice stimulated in vivo were found unable to mount a type
I IFN response to poly I:C, establishing MDA-5, rather than the several other
receptors that bind, or have been shown to be activated by poly I:C, as the
dominant receptor mediating the interferon response to poly I:C (Gitlin et al.
2006; Kato et al. 2006). However, the natural viral ligand for MDA-5 has not
yet been identified.

In addition to RIG-I and MDA-5, another cytosolic receptor may exist for
detecting DNA. Until recently TLR9 was the only innate sensor for detecting
microbial DNA. Recent studies indicate that DNA is detected in the cytosol
independently of TLR9 (Okabe et al. 2005; Stetson and Medzhitov 2006), but
the receptor has not been identified yet. The cytosolic receptor mediating
recognition of B-form DNA, unlike RIG-I and MDA-5, signals independently
of IPS-1.
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9
Cell-Type-Dependent Sensing of Viral RNA

As discussed in the previous sections, immune and nonimmune cell types
express characteristic patterns of nucleic acid receptors (Table 1). For example,
Melchjorsen and colleagues reported that activation of innate defense against
a paramyxovirus is mediated by RIG-I, TLR7, and TLR8 in a cell-type-specific
manner (Melchjorsen et al. 2005). They found that nonimmune cells relied
entirely on RNA recognition through RIG-Ifor activation of an antiviral response.
In contrast, immune cells such as myeloid cells utilized TLR7 and TLRS8. Unlike

Table 1 Nucleic acid receptors

Role in IFN—0/ Inhibitory
Receptor Nucleicacid  Ligands response modification

Endosomal Toll-like receptors

TLR3 dsRNA Poly I.C (+)2

TLR7 ssRNA/siRNA Poly U, G, +++ (PDC only) 2’—~O-methylation®
U-rich, motifs

TLRS ssRNA/siRNA G, U-rich - 2’—O—methylation

TLR9 (ss)/dsDNA CpG motifs®  +++ (PDC only) ™CG Methylation

Cytosolic receptors

PKR dsRNA Poly I:C, >30  (+)®
bp, stem loop
RIG-1 ss/dsRNA 5’ triphosphate +++ 5” m’guanosine cap
ends 2’—O—methylation
Pseudouridinylation
MDA-5 dsRNA Poly I:C +++
(dsDNA-R) dsDNA B—form DNA, +++
poly dAdT:
dTdA

*Both TLR3 and PKR have been reported to induce type I IFN production in response
to poly I:C. However, compared to MDA-5, their contribution to the type I IFN
response in vivo is rather weak

®CpG-containing oligonucleotides (ODN) that induce a strong type I IFN response
include CpG-A and CpG-C ODN

‘Modifications that have been shown to prevent detection by the receptors indicated
and that are frequently found in mammalian nucleic acids
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in nonimmune cells, RNA sensing in paramyxovirus-infected myeloid cells was
independent of RIG-I, TLR3, and PKR. Kato and colleagues also found cell-
type specific involvement of RIG-I in antiviral immune response. In their study
type I IFN induction in both fibroblasts and myeloid dendritic cells was RIG-
I-dependent, while type I IEN induction in PDC was RIG-I-independent (Kato
et al. 2005). It is important to note that the mechanisms used for RNA sensing
may not only be cell-type-dependent but may also depend on the type of virus
and its strategy to enter the target cell and to evade immune recognition. In
contrast, recognition of synthetic RNA or of RNA transcribed from vector sys-
tems is more predictable because there is no immune evasion and because the
mode of delivery is known. Of note, the use of cationic lipids and polycationes
leads to both endosomal and cytosolic delivery (Almofti et al. 2003; Boussif
et al. 1995) and thus both TLR- and RIG-I-mediated RNA sensing is trig-
gered, provided these receptors are expressed in the cell type examined, and the
appropriate RNA ligand is delivered. Of note, subcellular localization of TLR3
is cell-type-specific (Matsumoto et al. 2003): in fibroblasts, TLR3 is located on
the cell surface, and the TLR3-mediated activity can be blocked by anti-TLR3
antibodies. In myeloid dendritic cells, TLR3 is found in the cytosolic compart-
ment. A more detailed analysis in TLR3-transfected B cells revealed that TLR3
is detectable in multivesicular bodies, a subcellular compartment situated in
the endocytic trafficking pathway (Matsumoto et al. 2003).

10
Conclusion and Future Directions

Bacteria, fungi, or cellular parasites are recognized via conserved molecules
typical for the respective type of pathogen. In contrast, all virus components
are formed within the infected host cell; consequently, a virus-specific detec-
tion system is more difficult to achieve. It is now evident that host cells are
equipped to detect viral nucleic acids. For viral infection in vivo, the following
picture is evolving: large parts of the early type I IFN response upon viral infec-
tion are due to TLR7 and TLR9 expressed in PDCs; in fact, PDCs are the only
considerable source of TLR7- and TLR9-induced type I IEN production upon
viral infection. The major advantages of this PDC response are that the pres-
ence of viral particles is sufficient for recognition, that viral infection of cells
is not required for detection, and that viruses are recognized before viral pro-
teins have a chance to mediate immune evasion. This first wave of type I IFN
production plays an important role in limiting viral spread by PDC-derived
direct antiviral mechanisms early on, and by sensitizing yet uninfected cells for
cytosolic recognition of viral nucleic acid via strong upregulation of the two
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cytosolic helicases, RIG-I and MDA-5. These two cytosolic receptors are then
responsible for the second and prolonged wave of type I IFN production and
for the induction of apoptosis of virally infected cells. For all four receptors,
distinction of self from viral nucleic acid is based on a combination of localiza-
tion and molecular structure. In this sophisticated system of virus detection,
the following situations signal viral danger:

1. Appearance of unmodified RNA in the endosomal compartment of PDCs

2. Appearance of DNA containing unmethylated CpG motifs in the endosomal
compartment of PDCs

3. Unmodified RNA with a triphosphate group at the 5" end (3pRNA) in the
cytosol of any cell type

4. DNA in the cytosol of any cell type

It is still unclear whether long dsRNA in the cytosol is sufficient to elicit
an antiviral response via one of the receptors known to date. Although poly
LI:C is a ligand for MDA-5, long double-stranded RNA seems insufficient as a
ligand, and the natural ligand still needs to be identified. In addition to RNA-
detecting receptors, the cytosolic receptor for DNA may add new perspectives
in therapeutic viral mimicry. With regard to viruses that perform inside the
nucleus such as HBV and HIV, uncovering molecular mechanisms of sensing
viral nucleic acids in the nucleus appears on the radar of scientific challenges.
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