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Summary

Genetic analysis of the drosophila antiviral response indicates that RNA interference plays a major
role. This contrasts with the situation in mammals, where interferon-induced responses mediate
innate antiviral host-defense. An inducible response also contributes to antiviral immunity in
drosophila, and similarities in the sensing and signaling of viral infection are becoming apparent
between drosophila and mammals. In particular, DExD/H box helicases appear to play a crucial role
in the sensing of RNA virus infections in flies and mammals.

Introduction

Viruses are the most abundant infectious agents on earth, and the diseases caused by these
intracellular pathogens represent a constant threat and an important cause of mortality
worldwide. Because they replicate intracellularly, and evolve rapidly to adapt to the changing
environment of their host cells, viruses are a great challenge to their hosts. Although the fruit-
fly Drosophila melanogaster, a long-time favourite model of geneticists and developmental
biologists, emerged in the 1990s as an interesting model to investigate innate immunity, the
issue of antiviral immunity only started to be addressed in the past five years. Several RNA
viruses belonging to different families (Rhabdoviridae, Dicistroviridae, Birnaviridae,
Reoviridae) have been identified in drosophila and provide useful models to study antiviral
immunity[1]. Based on the findings obtained for antibacterial and antifungal immunity[2], it
is hoped that the study of antiviral resistance in drosophila may reveal novel evolutionary
conserved molecules or pathways, leading to a better understanding of innate antiviral
immunity in mammals. Another rational for investigating host-virus interactions in invertebrate
hosts is that some of them, like the mosquitoes Aedes, are vectors for viruses that have major
impacts on humans (e.g. Dengue).

RNA interference as an intrinsic defense against viral infection

RNAI was first identified as a potent antiviral defense mechanism in plants[3]. More recently,
RNAI was also found to play an important role in the control of viral infection in drosophila.
Central to the RNAi mechanism are the slicing enzymes of the Argonaute family (five members
in drosophila), which mediate highly specific cleavage of target RNA molecules. The
specificity of Argonaute enzymes is achieved by their association with small RNAs, which
guide them to complementary sequences. Three RNAI pathways, involving different members
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of the Argonaute family, have been defined in drosophila: (i) the small interfering (si)RNA
pathway involves Argonaute (AGO)-2, and is activated by double stranded (ds)RNA. siRNAs
are produced by the RNaselll enzyme Dicer-2, which forms a complex with the dSRNA binding
protein (dsRBP) protein R2D2[3] (Figure 1); (ii) the micro (mi)RNA pathway involves AGO-1,
Dicer-1 and its dsRBD co-factor R3D1, and regulates expression of drosophila genes, in
particular during development; (iii) Finally, the piRNA pathway involves the three other AGO
proteins encoded by the drosophila genome, namely Piwi, Aubergine and AGO3. piRNAs
(Piwi-associated RNAs) are involved in the control of mobile genetic elements, including the
retrovirus gypsy, in the germ-line[4]. Demonstration of the critical role of RNAI as a potent
antiviral mechanism in drosophila is based on three lines of evidence: first, genetic data
indicating that RNAI pathway mutants are hypersensitive to RNA virus infections, and contain
increased viral load; second, identification of viral suppressors of RNAi (VSRs), which
counteract the immune defense of the fly; and third, presence of siRNAs of viral origin in
infected cells/flies. As discussed below, there is good experimental support in drosophila for
all these lines of evidence.

Analysis of the role of the siRNA pathway was greatly facilitated by the fact that flies mutant
for Dicer-2, AGO2 or R2D2 are viable[5-7]. These mutant flies succumb more rapidly than
wild-type controls to infection with the RNA viruses Drosophila C virus (DCV), Cricket
paralysis virus (CrPV), Flock house virus (FHV) or Sindbis virus (SINV)[8-10]. Increased
lethality correlates with increased viral titers in infected flies. Because DCV and CrPV
(Dicistroviridae), FHV (Nodaviridae) and SINV (Alphaviridae) belong to different families
of viruses, these data indicate that the siRNA pathway mediates a broad antiviral defense in
flies. Interestingly, resistance to the virus Drosophila X virus (DXV; Birnaviridae) and West-
Nile virus (WNV; Flaviviridae) seems to involve AGO2, but not Dicer-2[11,12]. In addition,
the piRNA pathway appears to mediate resistance to these two viruses, since mutants for Piwi,
Aubergine or the helicase Spindle E are more sensitive to DXV and/or WNV. Hence, antiviral
RNAI may involve more than one pathway.

Viral suppressors of RNA interference

In agreement with the idea that RNAI exerts an evolutionary pressure on viruses, VSRs have
been identified in insect RNA viruses[9,10,13]. Two of these, B2 from FHV and 1A from DCV
interact with dsRNA, thus preventing recognition and cleavage by Dicer-2, whereas a third
one (CrPV-A) does not appear to bind dsSRNA. DCV-1A contains a bona fide dsSRNA binding
domain[9], whereas FHV-B2 contains an original fold and binds the side of dSRNA as a four
a-helices bundle[14]. Both proteins bind to dsSRNA with high (hanomolar) affinity, and point
mutations affecting interaction with dsSRNA abolish their VSR activity. Unlike DCV-1A, which
only binds long dsRNAs, FHV-B2 can interact with both long dsSRNA and siRNAs. Thus,
FHV-B2 has the potential to interfere with both steps of RNAi, whereas DCV-1A only blocks
dicing of long dsRNAs.

Cricket paralysis virus (CrPV) belongs to the same family as DCV (Dicistroviridae), and the
two viruses share extensive sequence similarity. Surprisingly, they diverge in the 5’ end of their
RNA genome, which encodes the VSR in both viruses[9,10]. The RNAI suppressor CrPV-A
may inhibit RNA silencing by targeting protein components of the RNAI pathway, as shown
for some plant viruses VSRs (reviewed in [15]). Interestingly, the existence of VSRs in insect
viruses targeting key players of the siRNA pathway is indirectly supported by the rapid
evolution of these host genes. Indeed, dicer-2, Ago2 and r2d2 are among the 3% fastest
evolving genes in drosophila, in sharp contrast with their counterparts of the miRNA pathway
dicer-1, Agol and r3d1[16]. Such rapid evolution may be driven by the pressure exerted by
viruses, through their VSRs, on these essential host-defense genes. Thus, the identification and
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characterization of VSRs from insect viruses represent a promising avenue of research to
dissect the antiviral RNA interference pathway.

Small RNA-mediated antiviral immunity

RNA interference provides a highly specific mechanism to degrade viral nucleic acids in cells.
The mechanism involves two tightly connected steps: first, viral dSRNA is recognized by
Dicer-2, which processes it into SiRNAs. Second, these siRNAs are incorporated in the RNA-
induced silencing complex (RISC), and guide the slicing enzyme AGO2 towards
complementary sequences, which will be cleaved (Figure 1). In support of this scheme, flies
carrying a transgene directing expression of FHV dsRNA are protected against a challenge by
FHV, but not by DCV[8].

In good agreement with genetic data, SiRNAs of viral origin can be detected in infected cells
or flies[8,10,13,17]. In the case of FHV, these siRNAs are more abundant in the absence of
the VSR B2, and coimmunoprecipitate with AGO2, rather than AGO1[17,18]. Furthermore,
viral sSiRNAs cannot be detected in dicer-2 mutant embryos injected with an FHV replicon.
Profiling of small RNAs produced in FHV infected cells (in the presence and absence of B2)
has recently been performed using pyrosequencing, and provided useful information on the
mechanism of antiviral RNAI[17-19]. Three major observations were made: (i) roughly equal
amounts of (+) and (-) polarity siRNAs are observed, indicating that dSSRNA generated during
viral replication is used as a substrate by Dicer-2. Indeed, a large excess of SiRNAs of (+)
polarity would be observed if Dicer-2 was using secondary RNA structures as a substrate,
because FHV-infected cells produce about 100-fold excess of RNA of (+) polarity compared
to (-) polarity[20]. (ii) The siRNAs cover the whole bipartite FHV RNA genome, but there are
hotspots at the extremities of both viral RNAs, suggesting that dicing occurs during the early
steps of viral replication. (iii) In the absence of the VSR B2, a spectacular increase of SiRNAs
corresponding to the 5’ end of RNA1 (and to a lesser extent RNA2) is observed[17,19]. This
confirms that the dSRNA replicative intermediates formed at the extremities of viral RNAs are
major targets for Dicer-2, and suggests that these 5’ terminal siRNAs play a critical role in the
abortive infection of drosophila cells by FHV when B2 is not functional. Interestingly, B2 is
associated with the viral polymerase in infected cells, which may explain how it can suppress
production of siRNAs from dsRNA in close proximity to or within the RNA replication
complex[17] (Figure 2).

It will be interesting in future siRNA profiling studies to see if the conclusions reached in the
case of FHV hold true for other viruses. Indeed, studies in plants indicate that dSRNA or
secondary RNA structures can be targeted by the RNAI pathway, depending on the virus
(reviewed in [3,15]). Of note, one region of RNA2 known to form a bulged stem loop can be
processed by Dicer-2, since an excess of (+) strand siRNASs targeting this region of the viral
genome is recovered from infected cells[19,21].

Inducible antiviral defense in flies

In addition to RNA interference, genome-wide microarray analysis of DCV-infected flies
revealed that viral infection triggers expression of some 150 genes. There is little overlap
between these genes and those induced by bacteria and fungi, indicating that flies respond
differently to infection by DCV and extracellular pathogens[22-24]. Other viruses also induce
a transcriptional response in drosophila [25,26].

Analysis of the promoter of the gene vir-1, which is strongly induced by DCV and FHV
infection (but not bacteria or fungi), revealed that the virus response element coincides with a
consensus DNA-binding site for the transcription factor D-STAT. Genetic analysis confirmed
that the drosophila JAK kinase encoded by the gene hopscotch and the cytokine receptor
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Domeless (an homologue of the gp130 subunit of the interleukin-6 receptor) are required for
induction of vir-1 and several other genes. Flies mutant for the gene hopscotch succumb rapidly
to DCV infection, with high viral titers, indicating that the JAK/STAT pathway contributes to
the control of the viral infection[22]. Altogether, these data indicate that DCV infection triggers
production of a cytokine in infected cells, leading to activation of the JAK/STAT pathway in
non-infected cells, and induction of an antiviral state[27]. An important question is now to
understand the function of the induced genes, and to establish if antiviral effector mechanisms
other than RNAI exist in drosophila.

Flies mutant for the DCV-induced gene Vago were recently shown to contain higher levels of
virus than wild-type controls[28]. Vago therefore represents a good candidate for an antiviral
molecule induced following viral infection. This 18kDa molecule contains a signal peptide,
and 8 cysteine residues forming a conserved CX,qCX4CX10-11CX7.9CX13.14CCX4C motif. A
similar motif is found in granularin, an inducible peptide from the snail Biomphalaria
glabrata, acting as an opsonin for the schistosoma parasite[29]. However, the mode of action
of Vago is still unknown. Among the other induced molecules[22], most of which have no
known functions, some possess interesting sequence characteristics and warrant further
investigation, including a caspase (Damm), a GNBP-like molecule devoid of a signal peptide
(CG12780; GNBPs are secreted proteins involved in the sensing of Gram-positive and fungal
infections in drosophila[30]); or the gene CG1667, encoding an orthologue of the factor MITA/
STING, which was recently shown to participate in antiviral innate immunity signaling in
mammals[31,32].

Even though much remains to be learned about the function of the induced genes, it is clear at
this stage that recognition of viral infection in drosophila cells leads to an inducible response
and the production of antiviral molecules and cytokines. This raises the question of the nature
of the viral molecular pattern recognized by the drosophila innate immune system, and of the
receptor sensing this pattern.

Sensing viral infection by the DExD/H helicase Dicer-2 in drosophila

The gene Vago provides an interesting tool to investigate the sensing mechanism of the
inducible antiviral response. Indeed, it is not regulated by the cytokine-activated JAK/STAT
pathway[22], and is induced in cells from the fat-body, which is a major target for DCV
replication. Vago is also induced by SINV but, surprisingly, not by a third RNA virus, FHV
[28]. This difference can be attributed to the potent VSR B2, which suppresses induction of
Vago. Because B2 was shown to interact with dsRNA, but not with single-stranded RNA, or
DNAJ14], this result strongly suggests that dsRNA is a viral molecular pattern recognized by
the drosophila innate immune system. In agreement with the fact that B2 suppresses Dicer-2
function, expression of Vago is considerably impaired in dicer-2 mutant flies, establishing a
connection between RNA interference and the inducible antiviral response[28]. Importantly
however, Vago remains fully inducible in r2d2- and AGO2-mutant flies. This indicates that
Dicer-2 plays a dual function in antiviral defenses in flies, acting on one hand as a critical
component of the RNAIi machinery, and on the other hand inducing expression of an antiviral
program upon sensing viral dsSRNAs (Figure 3). Dicer-2 contains an amino-terminal DExD/H
box helicase domain, which is important for the inducible expression of Vago. Interestingly,
this domain resembles and is phylogenetically related to the helicase domain of the mammalian
RIG-I-like receptor (RLR) family[28], which mediate induction of interferon gene expression
[27,33].

Thus, acommon family of DExD/H box helicases, composed of Dicer-like enzymes and RLRs,

plays a critical role in the sensing of viral nucleic acids by the innate immune system in insects
and vertebrate animals (Figure 3). Both for Dicers and RLRs, the exact role of the DEXD/H
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helicase domain, which appears to function as an auto-inhibitory domain, remains mysterious
[33,34]. The helicase domain does not seem to be directly involved in the sensing of dsSRNA,
but rather mediates a conformational change of the molecule. In the case of Dicer, this change
promotes the transfer of the guide strand of the siRNA to the RISC complex, whereas in the
case of RIG-I it exposes the signaling CARD domains[33,35]. In RIG-I, the helicase-mediated
conformational change is induced upon binding of 5’-triphosphate RNA to a ~130 amino-acids
regulatory domain immediately following the helicase domain[36,37]. It is puzzling to note
that in Dicer enzymes, the helicase domain is followed by a ~80 amino-acids domain of
unknown function, DUF283, which appears to be a divergent dsRNA binding domain[38].
Thus, the association of an RNA-binding domain on the C-terminal side of the DExD/H
helicase domain may be important for the induction of the helicase activity by viral nucleic
acids.

Apart from the helicase domain, Dicer-2 also contains two RNaselll domains[5]. It will be
interesting to test the importance of these domains in the induction of Vago. Indeed, recent
work from S. Akira and colleagues show that RLRs can discriminate between dsRNAs of
different sizes, and that a long dsRNA activating MDAGS can be processed into a shorter dSSRNA
(< 1kb) activating RIG-I upon in vitro incubation with Escherichia coli RNaselll (or
recombinant human Dicer)[39]. The recent identification of mutant alleles affecting the
catalytic site of the RNaselll domains of Dicer-2 now makes it possible to rapidly test the role
of this domain in the drosophila inducible antiviral response[40].

Conclusions and future directions

In summary, even though antiviral defenses in drosophila and mammals rely on different
mechanisms (RNAI versus interferon-induced responses), similarities exist both for signaling
(involvement of cytokines regulating the JAK/STAT pathway) and sensing of nucleic acids
(DEXD/H box helicases). Based on findings in other invertebrates, plants, and even
prokaryotes, RNAI is an ancestral response to viral infections[3,41,42]. The reason why it was
lost in vertebrates and replaced by the inducible interferon system is not known, but it makes
evolutionary sense to find a family of DEXD/H box helicases related to Dicer at the origin of
the interferon pathway. Importantly, the fact that vir-1 remains fully inducible by DCV in
dicer-2 mutant and in B2-expressing flies[28] indicates that other sensors participate in the
detection of viral infection in drosophila.

In spite of the progress made recently, important questions remain. These include the in vivo
contribution of virus-induced stress (e.g. apoptosis[43]) and altered physiology (e.g. role of
KaTp channels in the heart[44]) in the resistance to viral infection, or the molecular
characterization of the protective antiviral effect conferred by Wolbachia endosymbionts[45,
46]. Models of natural viral infection (e. g. per 0s[47]) also need to be developed to confirm/
extend the findings made with the injection model, and set the stage for future studies with
insect-borne viruses in mosquitoes[48]. Another fascinating issue, both in flies and mammals,
relates to the cell biology of the interaction between DEXD/H box helicases and viral nucleic
acids, namely, how the cellular sensors access to viral replication complexes, which are
secluded into modified cytoplasmic membranes[20,49]. Finally, an important question pertains
to the priming of uninfected tissues for a rapid and efficient antiviral response. In plants and
the nematode C. elegans, this is achieved by the amplification and spread of antiviral silencing,
mediated by cellular RNA-dependent RNA polymerases (reviewed in[3]). These enzymes are
not encoded by the drosophila genome, and RNA. is thought to be a cell-autonomous process,
suggesting that cytokines mediate amplification of the antiviral response[22,50]. However, the
fact that drosophila cells can specifically bind and internalize dsSRNA leaves open the
possibility that viral replication intermediates released from infected cells may prime RNAi in
uninfected cells[51,52].
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Figure 1.

Degradation of viral nucleic acids by RNA interference. Dicer-2 senses double stranded (ds)
RNA produced by the viral RNA-dependent RNA-polymerase (VRDRP) during replication of
the virus. Following recognition, the RNaselll enzyme Dicer-2, which is found in a complex
with the dsRNA binding protein R2D2, processes dsRNA into duplex siRNAs (left panel). The
guide strand of these SiRNAs is then incorporated in the RNA induced silencing complex
(RISC), while the passenger strand is degraded (not shown on the figure). The loaded RISC
complex mediates sequence specific slicing of viral sSSRNA by its core component AGO2 (right
panel).
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Figure 2.

A model for the Dicer-2 mediated control of FHV infection. The viral suppressor of RNAi B2
is associated with the viral RDRP, which is anchored in the outer mitochondrial membrane.
B2 binds to dsSRNA replicative intermediates as they are synthesized, thus protecting them
from the action of Dicer-2 (left panel). When B2 is mutated, Dicer-2 binds the nascent dSSRNA
replication intermediates and generates massive amounts of sSiRNAs corresponding to the 5’
end of the genome, leading to abortive replication and protection of the infected cells (right
panel).
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Figure 3.

Sensing of viral nucleic acids by DExD/H box helicases in drosophila and mammals. dsSRNA
is detected by Dicer-2 and RLRs (RIG-1 and MDADS) in flies and mammals, respectively. These
molecules contain phylogenetically related DEXD/H box helicase domains, which mediate a

conformational change in response to interaction with viral RNAs (dsRNA or single stranded
RNA with a 5' triphosphate extremity in the case of RIG-1). In drosophila (left panel), Dicer-2
processes dsSRNA into siRNAs, and triggers an unidentified signal that leads to the inducible

expression of the gene VVago, which controls the viral load in the fat body of infected flies. In
mammals (right panel), RLRs activate the signal transducer IPS-1 and transcription factors of
the IRF family, leading to production of interferons.
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