Chapter 1
Defense and Counterdefense in the RNAi-Based
Antiviral Immune System in Insects
Joël T. van Mierlo, Koen W.R. van Cleef, and Ronald P. van Rij
Abstract
RNA interference (RNAi) is an important pathway to combat virus infections in insects and plants.
Hallmarks of antiviral RNAi in these organisms are: (1) an increase in virus replication after inactivation
of major actors in the RNAi pathway, (2) production of virus-derived small interfering RNAs (v-siRNAs),
and (3) suppression of RNAi by dedicated viral proteins. In this chapter, we will review the mechanism
of RNAi in insects, its function as an antiviral immune system, viral small RNA profiles, and viral counterdefense strategies. We will also consider alternative, inducible antiviral immune responses.
Key words: Viral suppressor of RNAi (VSR), RNA silencing, Insect antiviral immunity, Small RNA
profiles, Insect virus

1. Introduction
Invertebrates lack the innate and adaptive immune responses
that mediate antiviral defense in vertebrate animals. Nevertheless,
they are able to effectively fight viral infections, suggesting that they
rely on alternative mechanisms for antiviral defense. Indeed, in
both plants and invertebrates, the RNA interference (RNAi)
pathway serves as an antiviral defense system (1, 2). The presence
of double-stranded RNA (dsRNA), which is absent from uninfected cells (3), is sensed as a danger signal that triggers an antiviral RNAi response. Viral dsRNA is processed by an RNase of the
Dicer family into 21-nt small interfering RNAs (siRNAs). These
viral siRNAs (v-siRNAs) are incorporated in an Argonaute (Ago)containing RNA-induced silencing complex (RISC), where they
guide the recognition and cleavage of viral target RNAs and
thereby restrict viral replication. In this chapter, we review the
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RNAi-based antiviral immune system and viral counterdefense
strategies in insects. We will start with an overview of the mechanism of RNAi in Drosophila melanogaster (for more details, see
refs. (4, 5)).

2. Mechanism
of RNAi
The RNAi pathway starts with processing of long dsRNA into
siRNAs by the ribonuclease Dicer-2 (Dcr-2) (6) (Fig. 1). Dicer
proteins are type III members of the RNaseIII family that contain
a DExD/H ATPase domain, a DUF283 domain, a Piwi/
Argonaute/Zwille (PAZ) domain, two tandem RNaseIII domains,
and a dsRNA-binding domain. The PAZ domain interacts with
the terminus of long dsRNA, which is then positioned along the
surface of the protein towards the processing center of Dicer (7).
An intramolecular dimer of the two RNaseIII domains forms the
processing center of the enzyme. Each RNaseIII domain cleaves
one strand of the long dsRNA molecule, thereby generating
21-nt siRNAs with 2-nt 3¢ overhangs and bearing characteristic
5¢ monophosphate and 3¢ hydroxyl moieties (8–10). The distance
between the PAZ domain and the RNaseIII active sites determines the characteristic 21-nt size of siRNAs (10, 11). The
DExD/H ATPase domain may convert ATP to provide energy
required for dsRNA cleavage. Dcr-2 activity in Drosophila extracts
is indeed enhanced by addition of ATP; the activity of human
Dicer, however, is not (12, 13). Remarkably, the DExD/H
ATPase domain of Dcr-2 is also implicated as a sensor for viral
dsRNA in an alternative antiviral defense pathway (see
Subheading 7). No functions have thus far been assigned to the
other Dcr domains. Efficient processing of dsRNA by Drosophila
Dcr-2 requires Loquacious isoform PD (Loqs-PD). Loqs-PD
probably acts as an adaptor molecule that enhances the affinity of
Dcr-2 for long dsRNA (14). A similar activity has been proposed
for Arsenic resistance protein 2 (Ars2), which promotes the efficiency and fidelity of Dcr-2-mediated cleavage (15).
Following dsRNA cleavage, the resulting siRNA is bound by
Dcr-2 and its dsRNA-binding protein partner R2D2, generating
a RISC loading complex (RLC). The Dcr-2/R2D2 heterodimer
will load the siRNA duplex into an Ago-2-containing RISC.
Binding of R2D2 to the siRNA is enhanced by the phosphate
group at the 5¢ terminus of the siRNA, thereby ensuring that only
authentic siRNAs are efficiently bound by the complex (12, 14, 16).
Within RISC, the PAZ domain of Ago-2 binds the 3¢ terminus
of the strand of the siRNA duplex that will be retained in RISC
(the guide strand), probably at the 2-nt overhang (17–19).
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Fig. 1. Schematic overview of the RNAi pathway in insects. Viral dsRNA is processed by
Dicer-2 (Dcr-2) into 21-nt small interfering RNAs (siRNAs), which are incorporated in an
Argonaute-2 (Ago-2) containing RNA-induced silencing complex (RISC). Within RISC,
these siRNAs guide the recognition and cleavage of viral target RNAs and thereby restrict
viral replication (for details, see Subheading 2). Suppressors of RNAi from Cricket paralysis virus (CrPV 1A), Drosophila C virus (DCV 1A), and Flock House virus (FHV B2) interfere at different stages of the antiviral RNAi pathway (indicated on the right ). Systemic
spread of RNAi is thought to be essential for effective antiviral defense (52). The nature
of the sequence specific silencing signal (dsRNA or siRNA) is still unknown. Dicer-2
was shown to interact both with Loquacious isoform PD (Loqs-PD) (14) and with Arsenic
resistance protein-2 (Ars-2) (15). Please note, a trimeric complex (as indicated in this
figure) has not been demonstrated.

The 5¢ phosphate of the guide strand is bound in a pocket in
the Ago-2 middle (Mid) domain (20, 21). Upon loading of the
siRNA into RISC, the endonucleolytic activity of the Piwi
domain of Ago-2 cleaves the phosphodiester bond between
nucleotides 9 and 10 of the strand that will be excluded from
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RISC (the passenger strand) (22–24). The adaptor molecule C3PO
degrades the 9- and 12-nt RNA fragments that result from passenger
strand cleavage (25). The fate of the two strands of an siRNA duplex
is determined by its binding orientation to R2D2 and Dcr-2 in the
RLC. R2D2 binds the thermodynamically most stable end of the
siRNA, while Dcr-2 binds the other end. The strand that interacts
with R2D2 at its 3¢ terminus will become the guide strand (16).
After passenger strand cleavage and elimination, the guide
strand is 2¢-O-methylated at the 3¢ terminal nucleotide by the
S-adenosylmethionine-dependent
methyltransferase
Hen-1
(DmHen-1), resulting in the formation of a mature RISC (26).
The mature RISC uses the incorporated guide strand to bind
complementary RNA sequences. When a fully complementary
RNA is bound by RISC, the RNase activity of the Ago-2 Piwi
domain cleaves the target RNA (Slicer activity), thereby inducing
its degradation (27, 28). Alternatively, Ago-2 may induce translational repression if central mismatches between guide strand and
target RNA prevent Slicer activity (29).
RNAi is one of several gene silencing mechanisms that are
guided by small RNAs. Another class of small silencing RNAs,
microRNAs (miRNAs), is genomically encoded by all eukaryotic
cells. miRNAs are central regulators of gene expression that
inhibit translation and/or induce degradation of their target
mRNAs (for more detail see ref. (30) and Chapter 3). In
Drosophila, the miRNA and siRNA pathways were considered to
be separate pathways, with Dcr-2 and Ago-2 dedicated to the
RNAi pathway, and Dcr-1 and Ago-1 dedicated to the miRNA
pathway. Although the biogenesis of siRNAs and miRNAs are
indeed separate processes, some cross-talk occurs at the level of
RISC loading. More specifically, some miRNAs, especially those
with more extensive base pairing, can be loaded into Ago-2 (31, 32).
The asymmetric miRNA duplex consists of the miRNA (miR)
and miRNA star (miR*) strands. In analogy to the guide and
passenger strands in the RNAi pathway, the mature miR strand is
retained in Ago-1, while the miR* strand is released from the
mature RISC complex. Recently, it was shown that both the miR
and miR* strands are frequently loaded into Ago-2 by a Dcr-2
and R2D2-dependent mechanism (31, 33). A third class of small
silencing RNAs, Piwi-interacting RNAs (piRNAs), suppresses the
activity of transposons in the germline (for more details, see
Subheading 6 and ref. (34)).

3. RNAi as an
Antiviral Defense
Mechanism

Viral dsRNA forms a danger signal that is sensed and processed by
Dcr-2, resulting in the production of viral siRNAs (v-siRNAs) and
their incorporation into Ago-2/RISC. Since the Ago-2-associated
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guide strand is of viral origin, viral RNA will be the target of the
RISC complex, enabling the RNAi pathway to exert antiviral
activity.
Three major lines of evidence support a crucial role for the
RNAi pathway in antiviral defense in insects. First, RNAi-deficient
flies (Dcr-2, R2D2, or Ago-2 null mutants) are more sensitive
than wild-type flies to infection with several (+) strand RNA
viruses, such as Drosophila C virus (DCV) (Dicistroviridae),
Cricket paralysis virus (CrPV) (Dicistroviridae), and Flock House
virus (FHV) (Nodaviridae), resulting in higher viral RNA copy
numbers, higher viral titers, and increased mortality (35–38).
Ago-2 and R2D2 mutants are also hypersensitive to the dsRNA
virus Drosophila X virus (DXV) (Birnaviridae), but, surprisingly,
Dcr-2 mutants are not (38). The observation that Ago-2 mutants
(in which Dcr-2 is fully functional) are also hypersensitive to virus
infection indicates that cleavage of viral dsRNAs by itself is not
sufficient to control virus infection. RNAi also proved to be essential for controlling replication of several arthropod-borne (arbo-)
viruses in mosquitoes. Knockdown of Dcr-2 or Ago-2 expression
in Aedes aegypti results in higher viral titers after infection with
either Dengue virus (DENV) (Flaviviridae) or Sindbis virus
(SINV) (Togaviridae) (39, 40). Comparable results were obtained
upon infections of Anopheles gambiae mosquitoes with O’nyongnyong virus (ONNV) (Togaviridae) after Ago-2 depletion (41).
Second, the accumulation of v-siRNAs during virus infections in
both Drosophila and mosquitoes provides direct evidence for processing of viral RNAs by Dcr-2 (42–48) (see Subheading 4).
Third, insect viruses encode viral suppressors of RNAi (VSRs) as a
counterdefense to the RNAi-based immune response (35, 48, 49)
(see Subheading 5). VSRs allow viruses to replicate in the presence
of a functional antiviral RNAi response, but they are dispensable
for replication in RNAi mutants (36).
In addition to cell-autonomous silencing, activation of the
RNAi pathway can lead to systemic silencing in plants. In the setting of a viral infection, noncell-autonomous RNAi may thus
generate systemic protective immunity in noninfected tissues.
Systemic RNAi in plants is a composite of short-range and longrange movement of a silencing signal. Movement of a silencing
signal to distal sites in the plant requires amplification of the signal by a cellular RNA-dependent RNA polymerase (RdRP) (50).
In contrast, local spread of RNAi to 10–15 neighboring cells is
independent of RdRP activity. The mobile silencing molecules in
plants were recently identified as siRNAs; it remains to be established whether they are protein-bound or not (51).
Virus infections in Drosophila also trigger a systemic RNAi
response, which depends on a mechanism for active uptake of
dsRNA (52). Accordingly, fly mutants with defects in dsRNA
uptake are hypersensitive to virus infection. These observations
suggest that, in addition to the cell-autonomous response, a systemic

8

van Mierlo, van Cleef, and van Rij

RNAi response is essential for effective antiviral immunity in flies.
The nature of the mobile silencing signal remains unknown. It
was long thought that flies lack RdRP activity. Recently, however,
RdRP activity was attributed to the Elongator complex protein 1
(Elp1), a subunit of the polymerase II core elongator complex (53).
Whether this RdRP activity is required for systemic antiviral RNAi
remains to be established.

4. Small RNA
Profiles During
Virus Infection

The antiviral RNAi pathway in plants and insects is triggered
by viral dsRNA molecules which are processed by Dcr-2 into
v-siRNAs. In theory, there are several potential sources of viral
dsRNA that can serve as a substrate for Dcr-2. These sources
include genomic dsRNA, structural RNA elements in the viral
genome or in viral transcripts, dsRNA replication intermediates
and convergent transcripts of viral genes. Recently, the introduction of massive parallel sequencing has given more insight into
the origin of the v-siRNAs for several insect viruses (Table 1).

Table 1
Overview of insect viruses of which the v-siRNA profiles have been determined
by massive parallel sequencing
Virus

Family

Genome

Host1

References

Drosophila A virus2

Tetraviridae

(+) RNA

Drosophila

(47)

Drosophila C virus

Dicistroviridae

(+) RNA

Drosophila

(47)

Noravirus

Unassigned

(+) RNA

Drosophila

(47)

Sindbis virus

Alphaviridae

(+) RNA

Aedes aegypti

(46)

Mosquito nodavirus

Nodaviridae

(+) RNA

Aedes aegypti

(47)

West Nile virus

Flaviviridae

(+) RNA

Culex pipiens
quinquefasciatus

(43)

Flock House virus3

Nodaviridae

Bipartite (+) RNA

Drosophila

(2, 44, 45)

American nodavirus3

Nodaviridae

Bipartite (+) RNA

Drosophila

(47)

Drosophila totivirus

Totiviridae

dsRNA

Drosophila

(47)

Drosophila X virus

Birnaviridae

Bipartite dsRNA

Drosophila

(47)

Drosophila birnavirus

Birnaviridae

Bipartite dsRNA

Drosophila

(47)

The v-siRNA profiles were derived from Drosophila cell lines and adult Aedes aegypti and Culex pipiens quinquefasciatus mosquitoes
2
Drosophila A virus is described as Drosophila tetravirus by Wu et al. (47)
3
Given the close similarity between Flock House Virus and American nodavirus at the nucleotide level, these viruses
likely represent two variants of the same virus species within the Nodaviridae family
1
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The first insect v-siRNA profiles came from a study designed
to profile endogenous small RNAs from a Drosophila S2 cell line
(54). In addition to endogenous small RNAs, a large subset of
the Ago-2-associated siRNAs was found to match the FHV
genome. These v-siRNAs most likely arose due to a persistent
infection of the S2 cell line. Alignment of the available FHVderived v-siRNAs to the viral genome indicated that they mapped
in roughly equal proportions to both the positive (+) and negative (−) strand of the genome (2). Since FHV contains a (+) strand
RNA genome, a bias towards the (+) strand of the genome would
be expected if structural elements within the viral genome were
the predominant source of v-siRNAs. This notion is inferred from
the replication cycle of FHV. The FHV genome consists of RNA1
and RNA2, which encode the RNA-dependent RNA polymerase
(A) and the capsid protein, respectively. A subgenomic RNA
(RNA-3) encodes the VSR of FHV (B2). During FHV replication, complementary (−) strands are synthesized to generate
dsRNA replication intermediates, which serve as templates for the
production of new (+) RNA genomes. In infected cells, the (+)
and (−) strands accumulate asymmetrically, with the genomic (+)
strands being approximately 50–100-fold more prominent than
the (−) strands (55). The equal distribution of the v-siRNAs over
both the (+) and (−) strands of the FHV genome, therefore, suggests that dsRNA replication intermediates are the major substrates for v-siRNA biogenesis. It can, however, not be excluded
that structural elements within the viral genome are processed by
Dcr-2 and thereby contribute to the production of v-siRNAs.
Interestingly, although the v-siRNAs mapped across the entire
viral genome, there were a few specific hotspots from which the
majority of the v-siRNAs were derived. These observations suggest that certain regions within the viral genome are more accessible to Dcr-2 than others. The occurrence of hotspots may be
explained by different levels of the three viral RNAs as well as by
the formation of stalled replication complexes, the production of
defective interfering RNAs, and structural elements within the
viral genome, which may all be potential substrates for Dcr-2 (2).
Similar observations were done in a second study in which S2
cells were abortively infected with a B2-deficient mutant of FHV
(44). The B2-deficient FHV mutant lacks its RNAi suppressor,
leading to a high abundance of v-siRNAs (see Subheading 5).
Again, the v-siRNAs mapped in roughly equal proportions to
both the (+) and (−) strands of the viral genome. These results
underscore the notion that the FHV dsRNA replication intermediates are the main substrates for Dcr-2. Hotspots of v-siRNAs
were also observed, but the distribution of these hotspots over
the viral genome was surprisingly different from that observed by
van Rij and Berezikov (2). This discrepancy might be attributed
to the severe replication defects of the B2-deficient FHV mutant

10

van Mierlo, van Cleef, and van Rij

or, alternatively, to the different types of infection (acute vs.
persistent) from which the v-siRNAs were sequenced. In a third
study, the FHV small RNA profiles were determined in two persistently infected S2 cell lines (45). Once more, the replication
intermediates were identified as the main substrates for Dcr-2.
However, abundant FHV-derived v-siRNAs were not effective in
silencing reporters that contain their target sites. Furthermore,
although the FHV v-siRNAs were preferentially loaded into Ago-2,
bulk v-siRNAs were unmethylated and did not associate with
either Ago. These results suggest that Dcr-2 not only has a role in
the biogenesis of v-siRNAs that exert their antiviral effect through
Ago-2, but that dicing of the dsRNA replication intermediates
itself also directly contributes to control virus replication, at least
in these persistently infected cell lines.
Recently, Wu et al. showed that v-siRNAs are often overlapping in sequence and can be assembled into long continuous
fragments (47). Based on this observation, they developed an
approach for viral genome assembly and virus discovery, which
enabled them to identify seven distinct RNA viruses in two
Drosophila cell lines. Drosophila A virus (DAV) (likely
Tetraviridae), American nodavirus (ANV) (Nodaviridae),
Drosophila totivirus (DTV) (Totiviridae), DXV, and Drosophila
birnavirus (DBV) (Birnaviridae) were identified in an S2 cell line,
whereas DAV, DCV, Noravirus (unassigned), ANV, DXV, and
DBV were found in an ovarian somatic sheet cell line (Table 1).
Among these viruses, of which some had not been identified
before, are four viruses with a (+) strand RNA genome (DAV,
DCV, Noravirus and ANV) and three viruses with a dsRNA
genome (DTV, DXV and DBV). The v-siRNAs mapped in similar
proportions to both strands of the viral genome for all of the analyzed (+) strand RNA viruses in both cell lines, indicating that
dsRNA replication intermediates are the major Dcr-2 substrates
for (+) strand RNA viruses. Interestingly, for all of the analyzed
dsRNA viruses in both cell lines, the v-siRNAs also mapped in
roughly equal ratios to both strands of the viral genome. This
result indicates that genomic dsRNA is the predominant substrate
for Dcr-2 for dsRNA viruses.
The dsRNA replication intermediates of (+) strand RNA
viruses seem to be a common target for Dcr-2 in insects, since
their identification as Dcr-2 substrates is not restricted to viruses
in Drosophila. More specifically, sequencing of v-siRNAs from
SINV-infected A. aegypti as well as from West Nile virus (WNV,
Flaviviridae)-infected Culex pipiens quinquefasciatus mosquitoes
showed that the dsRNA replication intermediates of these arthropod-borne (+) strand RNA viruses are also a major target for
Dcr-2 (43, 46). For both viruses, dicing of structural elements
within the viral genomes may also contribute to the production of
v-siRNAs, but these elements do not appear to be a predominant
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substrate for Dcr-2. Interestingly, in contrast to insect (+) strand
RNA viruses, structural RNA elements within the viral genome
have been identified as the main source for v-siRNA biogenesis
for some plant (+) strand RNA viruses, such as Cymbidium ringspot virus (CymRSV) (Tombusviridae) (56). This discrepancy
might reflect differences in substrate-specificity between insect
Dcr-2 and the plant Dcr-like enzymes.
Taken together, v-siRNA profiling strongly suggests that the
dsRNA replication intermediates of (+) strand RNA viruses and
the dsRNA genomes of dsRNA viruses serve as important triggers for an antiviral RNAi response in insects. To prevent activation of the innate immune defenses of their hosts, viruses protect
their dsRNAs from immune sensors. For example, (+) strand
RNA viruses shield their dsRNA replication intermediates in
virus-induced membrane vesicles, whereas the dsRNA genomes
of dsRNA viruses are protected in viral cores (57). Nevertheless,
the v-siRNA profiles clearly indicate that the viral dsRNAs are
available for Dcr-2-mediated cleavage. This suggests that Dcr-2 is
capable of protruding the compartments in which viral dsRNAs
are shielded or that, at certain stages of the viral replication cycle,
viral dsRNA is released into the cytoplasm where it is exposed to
Dcr-2. Which of these scenarios holds true will be an interesting
subject for future studies. Furthermore, determination of v-siRNA
profiles of other viruses, such as those with (−) strand RNA and
DNA genomes, will be of special interest as it will shed more light
onto recognition of these viruses by the RNAi machinery.

5. Viral
Suppression
of RNAi

Despite the potent antiviral activity of the RNAi pathway in plants
and insects, many viruses manage to persist in these organisms.
Thus, viruses seem to be able to avoid recognition by the RNAi
pathway or to counteract its antiviral activity. Indeed, plant and
insect viruses encode VSRs that allow them to replicate in the
presence of a potent RNAi-based antiviral immune response.
Since dsRNA is recognized as a “nonself ” immune activator, it
bears little surprise that many viruses prevent detection of dsRNA
by the immune system. Many VSRs bind dsRNA in a sequenceindependent manner, thereby shielding it from Dicer (35, 58–60).
Other VSRs, such as P19 from CymRSV, are able to specifically
bind siRNAs (61). In biochemical assays, these VSRs sequester
siRNAs and prevent their incorporation into RISC. The mechanism of RNAi suppression in viral infection, however, seems to be
more complex. P19 is dispensable for virus accumulation in primary infected cells, but prevents cell-to-cell movement of the
virus-induced silencing signal. Accordingly, in the absence of P19,
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the virus accumulates normally within vascular bundles, but is
unable to establish systemic infection of the leaves (60, 62).
Binding of dsRNA or siRNA is a feature that is shared by
many VSRs. Nevertheless, in analogy to the multitude of mechanisms by which mammalian viruses suppress innate and adaptive
immunity, some plant and insect viruses suppress RNAi by a
mechanism that is independent of dsRNA or siRNA binding. We
will discuss these mechanisms in the next sections.
5.1. RNAi Suppressors
Encoded by Plant
Viruses

Although dsRNA binding appears to be a common mechanism to
suppress RNAi, some VSRs employ other mechanisms to counteract the RNAi pathway (Table 2). These VSRs rely on protein–
protein interaction with key components of the RNAi pathway.
One example of such a VSR is the P0 protein of Poleroviruses
(Luteoviridae) (63–65). Beet western yellows virus (BWYV) P0,
for example, interacts with and induces degradation of AGO1,
the main antiviral RISC component in plants. P0 contains an
F-box motif, which is commonly found in proteins within the E3
ubiquitin ligase complex. This suggests that P0 induces ubiquitination and subsequent proteosomal degradation of AGO1 (66).
Indeed, the VSR activity of P0 depends on an interaction with a
protein from the E3 ubiquitin ligase complex. However, blocking
proteosomal degradation did not prevent AGO1 degradation. These
data suggest an ubiquitin-dependent, proteosomal-independent
mechanism for P0 VSR activity.
Through an interaction with part of the PAZ and Piwi
domains of AGO1, the Cucumber mosaic virus (CMV)
(Bromoviridae) 2b protein is able to suppress Slicer activity of a
preassembled RISC in vitro (67). In addition, CMV 2b binds

Table 2
Viral suppressors of RNAi (VSRs) of selected plant and insect viruses
Host

Virus

VSR Mechanism of suppression

Reference

Plant

Cymbidium ringspot virus
Pothos latent virus
Beet western yellows virus
Turnip crinckle virus
Cucumber mosaic virus

P19
P14
P0
P38
2b

siRNA binding
siRNA and dsRNA binding
Interaction with and degradation of AGO1
GW motif-based interaction with AGO1
siRNA binding and AGO1 interaction,
inhibition of Slicer activity

(61)
(92)
(63–65)
(71)
(67–69)

B2
1A
1A

siRNA and dsRNA binding
dsRNA binding
Interaction with Ago-2, inhibition of Slicer
activity

(48, 72)
(35)
(49)

Insect Flock House virus
Drosophila C virus
Cricket paralysis virus
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small RNAs in vitro, which is suggested to contribute to VSR
activity (68, 69). Which activity predominates during an authentic virus infection remains to be established.
The P38 capsid protein of Turnip crinkle virus (TCV)
(Tombusviridae) employs yet another mechanism of RNAi suppression. P38 contains two glycine-tryptophane (GW) motifs.
Different cellular proteins use linear GW or WG motifs as an
“Ago hook” for functional interactions with Ago proteins (70).
P38 mimics this cellular GW motif-based interaction; its GW
motifs allow P38 to bind AGO1 in vitro and to suppress RNAi
in vivo (71).
5.2. RNAi Suppressors
Encoded by Insect
Viruses

Plant viruses are extensively studied and most, if not all, seem to
encode a VSR. In contrast, few VSRs have thus far been identified
and characterized in insect viruses. The B2 protein of FHV was
the first VSR identified in an invertebrate virus (48). Homodimers
of B2 bind to dsRNA independent of sequence and length.
Indeed, viral dsRNA replication intermediates coimmunoprecipitate with B2 from FHV-infected S2 cells, confirming an interaction of B2 with dsRNA in vivo (44). B2 seems to exert a dual
mode of RNAi suppression. Binding of long dsRNA inhibits
Dcr-2 cleavage; binding of siRNAs prevents their incorporation
into Ago-2 (48, 72). The VSR activity of the DCV 1A protein
also depends on dsRNA binding. As a member of the
Dicistroviridae, DCV encodes two polyproteins from two distinct
open reading frames. The first open reading frame, ORF1,
encodes the nonstructural proteins, whereas ORF2 encodes the
viral capsid proteins (73). DCV 1A maps to the N-terminal part
of ORF1. In contrast to FHV B2, DCV 1A binds long dsRNA,
but not siRNAs, with high affinity in vitro, thereby inhibiting
Dcr-2 cleavage of dsRNA (35). Therefore, DCV 1A likely binds
the viral replication intermediate to prevent its degradation by
Dcr-2. Protection of the viral dsRNA from Dcr-2 cleavage by
VSRs is, however, not complete, as indicated by the detection of
v-siRNAs in FHV and DCV infection (see Subheading 4).
CrPV is the closest relative of DCV within the Dicistroviridae
family. The VSR of CrPV, 1A, maps to the same genomic location as DCV 1A. Interestingly, whereas CrPV and DCV share a
high degree of protein sequence identity within ORF1 (~55%),
the ORF1 N-terminal region that contains the VSRs is not well
conserved. It is, therefore, no surprise that CrPV 1A suppresses
RNAi through a different mechanism as DCV 1A. CrPV 1A
directly interacts with Ago-2, without affecting RISC assembly
or stability. Since CrPV 1A is able to inhibit the activity of a preassembled RISC, it most likely interferes with the Slicer activity
of Ago-2 (49).
The different mechanisms and potencies of RNAi suppression might explain the difference in pathogenicity between DCV
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Fig. 2. Defense and counterdefense in virus infection of insects. An antiviral RNAi
response restricts virus replication, whereas viruses suppress the antiviral RNAi response
via dedicated RNAi suppressor proteins (VSRs). VSR activity may be an important determinant of viral pathogenicity. A potent VSR may render a virus pathogenic to its host (for
example, Cricket paralysis virus, CrPV). Absent or mild VSR activity may result in nonpathogenic persistent infections, such as observed in natural Drosophila C virus (DCV)
infections or in arbovirus infections in their invertebrate vector.

and CrPV. DCV establishes a nonlethal, persistent infection,
whereas CrPV causes high mortality (73, 74). This hypothesis was
supported by expression of DCV 1A or CrPV 1A from a recombinant SINV, which is thought not to suppress RNAi by itself
(75, 76). In the adult fly, SINV-CrPV 1A replicates to higher titers
and causes higher mortality than SINV-DCV 1A, which correlates
with a more potent RNAi suppression by CrPV 1A. Thus, VSRs
may be important determinants of viral pathogenicity (Fig. 2).
5.3. Do Arboviruses
Encode RNAi
Suppressors?

Arboviruses are maintained in a cycle that requires transmission
by hematophagous arthropod vectors (mainly mosquitoes and
ticks) to vertebrate hosts. After ingestion of a virus-infected blood
meal, arboviruses replicate in the midgut epithelium of their vector. The virus then spreads through the hemolymph into the salivary glands for further amplification and transmission to a naive
vertebrate host. Several arboviruses, including DENV, SINV, and
ONNV, were shown to be suppressed by RNAi in their mosquito
vectors (see Subheading 3 and refs. (39–41)). Nevertheless, while
VSR activity seems to be a common feature in (non-arboviral)
insect viruses, suppressors of RNAi have, thus far, not been identified in arboviruses (75, 77, 78).
Arbovirus infection in the insect vector is typically persistent
and nonpathogenic. The mosquito’s RNAi pathway thus restricts
arbovirus replication, but is unable to fully clear these viruses.
Since arboviruses rely on survival of their mosquito vector for
transmission from host to host, the nonpathogenic phenotype is
of key importance for efficient virus spread. Hence, an arbovirus
that effectively kills its vector will be selected against in nature,
since it would decrease the chance of spread to vertebrate hosts.
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Encoding a potent VSR might therefore be deleterious for the
survival of arboviruses (Fig. 2). In support of this hypothesis,
recombinant SINV expressing the FHV B2 VSR replicates to
higher midgut titers, eventually killing the infected mosquito
(46, 76).

6. Other Viral Small
Silencing RNAs
While analyzing v-siRNAs in a cell line derived from the ovarian
somatic sheet (OSS), Wu et al. (47) made a remarkable observation. In addition to v-siRNAs, high levels of viral piRNAs were
identified for two viruses: DCV and ANV (47). Although less
abundant, viral piRNAs were also identified for other viruses that
persist in this cell line. These observations suggest that viruses
may be targeted by both the siRNA and piRNA pathways.
piRNAs are small RNAs of ~24–32 nucleotides that interact
with members of the Piwi subfamily of the Ago family (34, 79).
The Piwi subfamily comprises Piwi, Aubergine (Aub), and Ago-3,
which are predominantly expressed in germline tissues. In these
tissues, the piRNA pathway serves to prevent the activation of
transposons. Their biogenesis is still obscure, but in contrast to
siRNAs and miRNAs, piRNAs are generated in a Dicerindependent manner. They most likely arise from long singlestranded precursor RNAs which are derived from genomic regions
of defective transposons that are transcribed in an antisense direction. How these precursors are processed into the mature primary
piRNAs is not clear. In the presence of a target transposon RNA,
these primary piRNAs engage in an amplification loop, known as
the ping-pong mechanism. According to the ping-pong model,
precursor RNAs are cleaved into antisense primary piRNAs that
are loaded into Aub and Piwi. The antisense piRNAs then target
the transposon mRNAs which are subsequently cleaved into sense
piRNAs that are loaded into Ago-3. These sense piRNAs direct
the cleavage of more precursor RNAs, leading to a feedback loop
that results in amplification of the initial pool of piRNAs.
The ping-pong model was deduced from the characteristic
features of the piRNAs that are associated with the different Piwi
proteins. First, piRNAs bound to Piwi and Aub are in general
antisense to the transposon RNAs, whereas piRNAs bound to
Ago-3 are most often of sense orientation. Second, Piwi- and
Aub-associated piRNAs have a strong bias for a uridine at position one, whereas Ago-3-associated piRNAs have a strong preference for an adenine at position ten. Third, the first ten nucleotides
of Piwi- and Aub-associated piRNAs are frequently complementary to Ago-3-associated piRNAs.
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The viral piRNAs detected in the OSS cell line were 24–30
nucleotides in length with peaks at 27 and 28 nucleotides (47).
The OSS cell line expresses Piwi, but not Aub and Ago-3. Primary
piRNAs are therefore produced, but the lack of Aub and Ago-3
precludes ping-pong amplification (80). In agreement, viral piRNAs
resemble primary piRNAs with a strong bias for a uridine at position one, but no enrichment for an adenine at position ten (80).
Finally, the viral piRNAs were almost exclusively of (+) polarity
for both (+) strand RNA and dsRNA viruses. These data suggest
that the genomic RNAs of the (+) strand RNA viruses and the
sense mRNAs of the dsRNA viruses are processed by the piRNA
pathway.
Maintenance of germline integrity is of crucial importance
to ensure the proper development of offspring. The germlinespecificity of the piRNA pathway and the detection of viral piRNAs led to the hypothesis that the piRNA pathway may protect
the germline from invasion by viruses (81). Additional studies are
required to elucidate whether the piRNA pathway indeed mediates antiviral defense in insects. In this regard, it will also be interesting to explore whether there is a role for another pathway of
small silencing RNAs, the miRNA pathway, during virus infections in insects (82, 83). Such a role for the miRNA pathway has
been demonstrated in mammals, where viral replication can be
modulated by a complex regulatory network in which both viral
and cellular miRNAs can control gene expression of both virus
and host (reviewed in Chapter 2).

7. Inducible
Antiviral
Responses

Although RNAi is a major antiviral mechanism in insects, other
immune signaling pathways are also implicated in antiviral defense.
The antimicrobial Toll pathway, for example, is suggested to play a
role during infection with DXV (84). DXV infection induces the
expression of antimicrobial peptides (AMPs) that are known to
depend on the Toll and IMD pathways. Even though both pathways are activated during DXV infection, only Toll mutants are more
sensitive to DXV. The Toll pathway is also involved in controlling
DENV infection in A. aegypti mosquitoes (85). An antiviral role for
the IMD pathway is suggested during infection with CrPV (86).
Flies defective in the IMD pathway are more sensitive to virus infection and display higher viral loads. The differential antiviral function
of Toll and IMD in these studies might be due to differences in viral
genome organization and replication strategy, host species, and cell
tropism in the host. More studies are required to elucidate the exact
role of IMD and Toll in antiviral defense, as well as the viral activators and downstream antiviral effectors of these pathways.
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A study of the global transcriptional response during DCV
infection identified a third inducible antiviral pathway in
Drosophila. Approximately 90 genes, which are not induced during
microbial infections, are upregulated during DCV infection.
Induction of one of these genes, vir-1, is dependent on the
Jak-STAT pathway (87). In accordance, Jak-STAT-deficient flies
are more sensitive to viral infection. Knockdown or overexpression of vir-1, however, did not affect viral infection. These results
indicate that vir-1 is not an antiviral effector, and that other downstream effector molecules mediate the antiviral effect of the
Jak-STAT pathway.
Another response to virus infection is the induction of a gene
called Vago (88). Upon DCV and SINV infection, Vago is specifically induced in the fat body, a tissue in the fly abdomen with
some functional equivalence to the mammalian liver. In accordance with a role for Vago in antiviral defense, DCV RNA accumulated to higher levels in the fat body of Vago mutants. Induction
of Vago is independent of the Toll, IMD, and Jak-STAT pathways. Strikingly, Vago induction is abolished in fly mutants with a
missense mutation in the DExD/H-box helicase domain of Dcr-2.
Other components of the RNAi pathway are not required for
induction of Vago. The requirement for Dcr-2 implies that viral
dsRNA is the inducer of Vago expression. Regulation of Vago
expression, however, seems to be more complex; expression of
a dsRNA hairpin, which is processed by Dcr-2 into functional
siRNAs, was not sufficient to induce expression of Vago.
Though DCV and FHV are both able to infect and replicate
in the fat body, only DCV induced Vago expression. An intriguing
hypothesis to explain this discrepancy is that the VSR of FHV, B2,
suppresses the induction of Vago. While both viruses encode a
VSR that binds long dsRNA, the FHV B2 protein is able to interact with the PAZ domain of Dcr-2 (89). It would be of interest to
investigate whether this interaction inhibits the induction of Vago
expression. Taken together, these results imply that Dcr-2 plays a
dual role in virus infection: it generates the specificity determinants (siRNAs) of the antiviral RNAi response, and it acts as a
pattern recognition receptor that senses dsRNA and induces an
antiviral program that includes Vago expression.

8. Summary
and Concluding
Remarks

Viruses and RNAi share an intricate relationship, in which the
cellular RNAi machinery restricts virus replication and viruses
suppress the antiviral RNAi response. In the most straightforward
model, viruses produce dsRNAs that, after processing by Dicer
into v-siRNAs, guide RISC to cleave viral target RNAs in a
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sequence specific manner. In recent years, it has become clear that
the role of RNAi extends beyond its function in restricting virus
replication in a cell-autonomous manner. A systemic RNAi response
seems to be essential for mounting an effective antiviral response
in adult flies. Furthermore, the RNAi machinery seems to play a
critical role in regulating, and perhaps orchestrating, an inducible
antiviral response in Drosophila. Thus, Dcr-2 not only generates
the specificity determinants of the antiviral RNAi response, but
also acts as a bona fide pattern recognition receptor for dsRNA
that alerts the immune system to virus infection. We are also witnessing the detailed characterization of novel mechanisms of
action of VSRs. Whereas many VSRs were thought to bind dsRNA
or siRNA, thereby preventing production of siRNAs or their
incorporation into RISC, it is now clear that several viruses are
able to suppress other steps of the RNAi pathway. The advent of
deep-sequencing technology has led to unanticipated insights
into the biogenesis or v-siRNAs. Viral replication intermediates
and genomic dsRNA seem to be the main target for Dcr-2 in
infections with (+) strand RNA and dsRNA viruses, respectively.
Deep-sequencing also led to the detection of viral piRNAs, implying a role for RNA silencing processes in protecting the germline
from virus invasion. It has been more than a decade since the
seminal observations, both in plants, that RNA silencing and antiviral defense share conserved features (90), and that small RNAs
are produced in virus infection (91). Ever since, we continue to
appreciate the complex and central role of RNAi in antiviral
defense. We anticipate more surprises.
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