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a b s t r a c t
Virus transmission and spread by arthropods is a major economic and public health concern. The ongoing
dissemination of arthropod-borne viruses by blood-feeding insects is an important incentive to study
antiviral immunity in these animals. RNA interference is a major mechanism for antiviral defense in
insects, including the fruit ﬂy Drosophila melanogaster and several vector mosquitoes. However, recent
data suggest that the evolutionary conserved Toll, Imd and Jak-Stat signaling pathways also contribute
to antiviral immunity. Moreover, symbionts, such as the intracellular bacterium Wolbachia and the gut
microﬂora, inﬂuence the course of virus infection in insects. These results add an additional level of complexity to antiviral immunity, but also provide novel opportunities to control the spread of arboviruses. In
this review, we provide an overview of the current knowledge and recent developments in antiviral
immunity in Dipteran insects, with a focus on non-RNAi mediated inducible responses.
Ó 2012 Published by Elsevier Ltd.

1. Introduction
Insects are among the most diverse and numerous animals on
earth and populate almost every habitat (Chapman, 2009). As agricultural pests, they cause severe economic losses by damaging and
killing crops, but insects also pose an important threat to human
and animal health. Indeed, insects are vectors for numerous pathogens, including viruses, bacteria, protozoa and nematodes. Over
500 arthropod-borne viruses (arboviruses) have been identiﬁed,
among which 100 are harmful to humans (ICTV, 2011). Most
arboviruses are RNA viruses from the families of Bunyaviridae
(e.g. La Crosse virus), Togaviridae (e.g. Chikungunya virus) and
Flaviviridae (e.g. West Nile virus, WNV; Dengue virus, DENV;
Yellow fever virus) (Weaver and Reisen, 2010).
Due to increased global travel and urbanization, adaptation of
insects to new habitats, and possibly climate change, arboviruses
are spreading from tropical areas to new territories (Jones et al.,
2008). For example, the incidence of DENV infection increased
30-fold over the last 50 years and the virus now infects an estimated 50 million people annually (WHO, 2009). Recently, DENV
infections not associated with travel to endemic countries have
been reported in Florida and France (La Ruche et al., 2010; Franco
et al., 2010). The rapid spread of WNV throughout Northern America (Kilpatrick, 2011) and the (re-)emergence of Chikungunya in
Africa, Asia and Southern Europe (Schuffenecker et al., 2006; Burt
et al., 2012) exempliﬁes how introduction of arboviruses into
new territories and adaptation to new vectors can cause epidemics.
Insect vector control is instrumental to prevent the spread of
⇑ Corresponding author. Tel.: +31 24 3617574; fax: +31 24 3614666.
E-mail address: r.vanrij@ncmls.ru.nl (R.P. van Rij).

arboviruses. The widespread use of insecticides, however, is
limited in many ways, for example by the development of
resistance of the targeted insect. Other vector control tools are
therefore urgently needed (Rivero et al., 2010).
Arbovirus infection of the vector is established upon bloodfeeding of a susceptible female mosquito on a viremic vertebrate
host. Within the insect vector, arboviruses have a complex life cycle that includes replication in the midgut, followed by systemic
dissemination via the hemolymph and replication in the salivary
glands (Kuno and Chang, 2005). Transmission of an arbovirus to
a naive vertebrate host during blood-feeding requires high viral titers in the saliva. Anatomical and immunological barriers affect the
ability of the virus to reach such titers and thus to accomplish successful transmission to a naive host. Despite efﬁcient replication,
arboviruses do not cause overt pathology and are only associated
with minor ﬁtness costs in the insect vector (Lambrechts and Scott,
2009), suggesting that the insect immune system restricts virus
infection to non-pathogenic levels. Understanding the mechanisms
of insect antiviral immunity may provide opportunities for restricting the spread of arboviruses.
Innate immunity provides the ﬁrst line of defense against
microbial invaders and is deﬁned by its rapid activation following
pathogen recognition by germline-encoded receptors. These receptors recognize small molecular motifs that are conserved among
classes of microbes, but are absent from the host, such as bacterial
cell wall components and viral double-stranded (ds) RNA. Collectively, these motifs are called pathogen-associated molecular patterns (PAMP). Innate immunity is traditionally distinguished
from adaptive immunity, which emerged 500 million years ago
in vertebrates (Hirano et al., 2011). Adaptive immunity is based
on pathogen recognition by a large repertoire of highly diverse
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antigen receptors generated by somatic gene rearrangements. In
contrast to innate immunity, the adaptive immune system is
endowed with long-term memory that allows a more rapid and
robust response upon re-exposure to previously encountered
pathogens. Whether invertebrates are also capable of generating
immunological memory is a long-standing matter of debate. The
extreme diverse repertoire of isoforms of the immunoglobulin domain containing receptor DSCAM (Down syndrome cell adhesion
molecule) with a role in speciﬁc immunity in Drosophila and
Anopheles gambiae (Watson et al., 2005; Dong et al., 2006), as well
as the existence of memory traits in the immune systems of several
invertebrate species (Kurtz, 2005; Netea et al., 2011) challenged
the paradigm that anticipatory immunity and memory were exclusive to the vertebrate immune system.
The fruit ﬂy Drosophila melanogaster is a powerful model to
study innate immunity. Over the years, detailed insight in antibacterial and antifungal immunity has been obtained, greatly facilitated by the extensive genetic toolkit for this model organism
(Ferrandon et al., 2007; Lemaitre and Hoffmann, 2007). However,
Drosophila is also a host to numerous viruses (Huszar and Imler,
2008). Natural populations of D. melanogaster can be infected with
RNA viruses, such as Sigma virus, (DmelSV) (Fleuriet, 1981a,b),
Drosophila C Virus (DCV) (Plus et al., 1975), and Nora virus (Habayeb et al., 2006). Several other RNA viruses efﬁciently replicate
in Drosophila after experimental inoculation, including Cricket
paralysis virus (CrPV) (Reinganum and Scotti, 1976), Drosophila X
virus (DXV) (Teninges et al., 1979), Flock House virus (FHV) (Galiana-Arnoux et al., 2006; Wang et al., 2006), Sindbis virus (SINV)
(Herreng, 1967), and Vesicular stomatitis virus (VSV) (Peries
et al., 1966). Recently, a DNA virus has been identiﬁed in Drosophila
innubila (Unckless, 2011), but no DNA virus has yet been recovered
from natural D. melanogaster populations. The infection models
that are discussed in this review are presented in Table 1.
Antiviral defense mechanisms of insects remain poorly understood. Many studies on antiviral immunity have been performed
in Drosophila, but the functional dissection of vector competence
in mosquitoes is gaining momentum. The completion of the genome sequence of important vector species (A. gambiae, Aedes aegypti and Culex quinquefasciatus) and the development of
genome-wide transcriptomics and RNA interference (RNAi) technology has been instrumental in studies of mosquito immunity
(Holt et al., 2002; Nene et al., 2007; Bartholomay et al., 2010). Both
in Drosophila and mosquitoes, RNAi plays a crucial role in the defense against RNA viruses (reviewed by Ding and Voinnet, 2007;
van Rij and Berezikov, 2009; Kemp and Imler, 2009; Blair, 2011).

More recently, the piwi-interacting (pi) RNA pathway, a related
but distinct small RNA silencing pathway, has also been implicated
in antiviral defense in these insects (van Mierlo et al., 2010; Wu
et al., 2010; Morazzani et al., 2012; Vodovar et al., 2012). In this review, we will go beyond antiviral RNAi responses and explore the
role of evolutionary conserved immune signaling cascades, including the Toll, Imd and Jak-Stat pathways, in antiviral defense. We
will also discuss recent work that demonstrates a crucial role of
bacterial symbionts in the control of pathogen burden and the outcome of viral infections.

2. Immune pathways in insects
The Toll and Imd (Immune deﬁciency) pathways mediate systemic immunity against bacteria and fungi in Drosophila. We will
give a brief overview here (Fig. 1); more detailed reviews are available elsewhere (Ferrandon et al., 2007; Lemaitre and Hoffmann,
2007). Upon infection by Gram-positive bacteria or fungal pathogens, the Toll pathway is activated by two pathogen-sensing systems. First, the PAMPs of entomopathogenic fungi (beta-glucans)
and Gram-positive bacteria (Lysine-type peptidoglycan) are detected by pattern-recognition receptors, such as Gram-negative
binding protein (GNBP)-1 and -3, and peptidoglycan recognition
proteins (PGRP)-SA and -SD, respectively. Second, the proteolytic
activity that accompanies microbe invasion of the hemolymph,
which can be considered a danger signal, is sensed by the protease
Persephone (Gottar et al., 2006; El Chamy et al., 2008). Both
branches initiate an extracellular signaling cascade that leads to
the cleavage of pro-Spätzle into the active cytokine Spätzle, which
then binds the transmembrane receptor Toll. Subsequently, an
intracellular signaling pathway leads to the translocation of the
NF-jB like transcription factors Dif (Dorsal-related immunity factor, in adults) and Dorsal (in larvae and adults) to the nucleus.
Here, Dif and Dorsal bind to NF-jB responsive elements, thereby
inducing the expression of many genes, including a speciﬁc set of
antimicrobial peptides (AMPs), such as Drosomycin and Defensin.
Gram-negative bacteria activate the Imd pathway via the detection of monomeric or polymeric diaminopimelic (DAP) type peptidoglycans by PGRP-LC and -LE. These receptors then recruit Imd
and activate the intracellular signaling cascade that leads to the
activation of another NF-jB like factor, Relish, after cleavage of
its inhibitory IjB domain. Upon activation, the Rel domain of Relish translocates to the nucleus and induces transcription of another
set of immune genes and AMPs, such as Diptericin and Cecropin.

Table 1
Model viruses of Drosophila and mosquito.a

a
b

Host insect

Virus

Abbr.

Family

Genome

Envelope

Drosophila melanogaster

Cricket paralysis virus
Drosophila C virus
Drosophila X virus
Flock House virus
Invertebrate Iridescent virus 6
Nora virus
Sigma virus
Sindbis virus
Vesicular stomatitis virus

CrPV
DCV
DXV
FHV
IIV-6
–
DmelSV
SINV
VSV

Dicistroviridae
Dicistroviridae
Birnaviridae
Nodaviridae
Iridoviridae
Unassigned
Rhabdoviridae
Togaviridae
Rhabdoviridae

(+) ssRNA
(+) ssRNA
bipartite dsRNA
bipartite (+) ssRNA
dsDNA
(+) ssRNA
( ) ssRNA
(+) ssRNA
( ) ssRNA

No
No
No
No
–b
No
Yes
Yes
Yes

Aedes aegypti

Dengue virus
Sindbis virus
West Nile virus
Yellow Fever virus

DENV
SINV
WNV
YFV

Flaviviridae
Togaviridae
Flaviviridae
Flaviviridae

(+)
(+)
(+)
(+)

ssRNA
ssRNA
ssRNA
ssRNA

Yes
Yes
Yes
Yes

Aedes albopictus
Anopheles gambiae

Semliki Forest virus
O’nyong-nyong

SFV
ONNV

Togaviridae
Togaviridae

(+) ssRNA
(+) ssRNA

Yes
Yes

We report here the infection models that are discussed in this review. Note that not all reported infection models represent natural virus-host combinations.
IIV-6 virions can be enveloped, when released by budding, or non-enveloped, when released by cell lysis.
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Fig. 1. Inducible immune pathways in Drosophila. Toll pathway: detection of pathogen-associated molecular patterns (PAMPs) of fungi (beta-glucans) and Gram-positive
bacteria (Lys-type peptidoglycan) or danger signals (such as proteolytic activity in the hemolymph) triggers a proteolytic cascade, leading to cleavage of the precursor of the
dimeric cytokine Spätzle. Mature Spätzle binds to the membrane-anchored Toll receptor, thereby inducing its dimerization. Three intracellular death domain–containing
proteins, MyD88, tube, and pelle are then recruited. The kinase pelle is likely responsible for phosphorylation of cactus, thereby directing its degradation by the proteasome. Dif
(Dorsal-related immunity factor) is then able to translocate to the nucleus, where it induces transcription of immune genes, including the antimicrobial peptides (AMPs)
Drosomycin and Defensin. Imd pathway: Binding of microbial diaminopimelic (DAP)-type peptidoglycan (PGN) from Gram-negative bacteria to peptidoglycan recognition
proteins (PGRP-LC or PGRP-LE) induces the recruitment of the adaptor molecules Imd (Immune deﬁciency) and dFADD (Drosophila Fas-associated death domain). This leads to
activation of the caspase DREDD (Death related ced-3/Nedd2-like protein) and of TAK1 (Transforming growth factor-b-activated kinase 1). TAK1 and its adaptor TAB2 (TAK1binding protein 2) activate a complex of IjB Kinase (IKK)-b and IKK-c (also known as ird-5 and kenny, respectively), which then directs phosphorylation of Relish, followed by its
proteolytic cleavage by DREDD. The inhibitory domain (IjB) of Relish remains stable in the cytoplasm, whereas the Rel domain of Relish translocates to the nucleus and induces
transcription of immune genes, such as the AMPs Diptericin and Attacin. PGRP-LE can act as an intracellular receptor, and, in a truncated form, as an extra-cellular receptor. Jak-Stat
pathway: upon virus infection, the Janus kinase (Jak) – signal transducers and activators of transcription (Stat) pathway is activated, presumably by binding of an unpaired (Upd)
cytokine to the dimeric domeless receptor. The Jak tyrosine kinase Hopscotch (Hop), in association with domeless, then phosphorylates both itself and the cytoplasmic tail of
domeless, creating binding sites for Stat92E. Upon binding, Stat92E is phosphorylated, dimerizes and translocates into the nucleus where it induces transcription of target genes
that contain stat binding sites in their promoters, such as virus induced RNA-1 (vir-1). RNAi: viral double-stranded RNA (dsRNA) is recognized and processed by Dicer-2 into small
interfering (si) RNAs, which are then incorporated in an Argonaute-2 (Ago-2) containing RNA-induced silencing complex (RISC). Within RISC, these siRNAs guide the recognition
and cleavage of complementary viral RNA sequences, thereby restricting virus replication. Autophagy: vesicular stomatitis virus binds to the transmembrane receptor Toll-7 and
induces autophagy. This is likely mediated through negative regulation of the phosphatidylinositol 3-kinase (PI3K)-Akt kinase pathway. It is likely that cell debris or damaged
virus-infected cells release or act as immunostimulatory damage-associated molecular patterns that activate immune signaling pathways via undeﬁned mechanisms.
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Collectively, the Toll and Imd pathways induce factors that participate in killing of microbes, phagocytosis, production of reactive
oxygen species, and the melanization cascades that are essential
for wound healing and pathogen sequestration (Lemaitre and Hoffmann, 2007). Within minutes after pathogen sensing, a cocktail of
AMPs is secreted by the fat body (Lemaitre et al., 1997). As a consequence, the concentration of AMPs in the hemolymph rapidly increases over time, each AMP displaying a speciﬁc concentration
range and dynamics (Bulet et al., 1999). Although Toll and Imd
activate many different genes, induction of AMP expression is
traditionally used as a read-out for Toll and Imd activation (De
Gregorio et al., 2001; Irving et al., 2001; De Gregorio et al., 2002;
Boutros et al., 2002).
A third evolutionary conserved pathway, Jak-Stat (Janus kinase
– signal transducers and activators of transcription), originally
studied for its role in Drosophila development (Zeidler et al.,
2000; Luo and Dearolf, 2001; Arbouzova and Zeidler, 2006), was recently shown to participate in antibacterial and antiviral immunity
(see Section 3.3) (Agaisse et al., 2003; Agaisse and Perrimon, 2004;
Buchon et al., 2009; Goto et al., 2010). Binding of a cytokine from
the Unpaired (Upd) family to the receptor Domeless activates the
Jak-Stat pathway. Drosophila encodes a single Jak kinase (hopscotch,
hop) and a single Stat transcription factor (Stat92E), which upon
activation dimerizes and translocates to the nucleus to direct transcription of genes with Stat binding sites in their promoter (Fig. 1)
(Agaisse and Perrimon, 2004).
The importance of Drosophila as a model for innate immunity
relies on the evolutionary conservation of immune signaling
pathways. Comparative genomics of Drosophila and the major vector
mosquitoes A. gambiae, A. aegypti and C. quinquefasciatus suggest a
conserved system of immune signaling pathways with the potential
for evolutionary plasticity to adapt to new pathogens (Christophides
et al., 2002; Waterhouse et al., 2007; Bartholomay et al., 2010).
Whereas the core signaling pathways have remained highly
conserved, the upstream receptors and downstream effectors have
diverged quite signiﬁcantly. For example, mosquitoes do not possess
the Dif transcription factor of the Toll pathway, but rely on the dorsal
orthologs Rel1 (A. gambiae) or Rel1A and Rel1B (A. aegypti) and the
Relish ortholog Rel2 (A. gambiae and A. aegypti) for expression of
effector genes of the Toll and Imd pathways, respectively (Christophides et al., 2002; Shin et al., 2005; Waterhouse et al., 2007).
Evolutionary conservation of immune pathways even extends
to the class of mammals. The Toll and Imd pathways of insects
are strikingly similar to the mammalian Toll-like receptor (TLR)
and Tumor Necrosis Factor (TNF) pathways, respectively. Mammalian TLRs contribute to innate antiviral immunity by sensing viral
nucleic acids in endosomal compartments, leading to the activation of the NF-jB and IRF-3 transcription factors and production
of cytokines, among which the potent antiviral type I interferons
(Kawai and Akira, 2006, 2010). The TNF signaling pathway regulates basic cellular processes, such as inﬂammation and cell death,
and is essential for innate and adaptive immune functions (Chen
and Goeddel, 2002; Aggarwal, 2003). As a consequence, some
mammalian viruses evolved strategies to counteract and manipulate TNF signaling (Benedict et al., 2003). Jak-Stat is a central signaling pathway that mediates the response to a wide range of
growth factors and cytokines, including type I interferons. Also
AMPs seem to be conserved from plants to humans. For example,
a Drosomycin-like Defensin in humans exerts antifungal activity
in the skin (Simon et al., 2008).
3. The role of Toll, Imd, and Jak-Stat pathways in antiviral
defense
The central role of the Toll and Imd pathways in antimicrobial
immunity of Drosophila and the importance of the TLR and Jak-Stat

pathway in antiviral immunity in mammals (Karst et al., 2003;
Dupuis et al., 2003) are strong incentives to analyze the role of
these pathways in antiviral immunity of insects. Induction of AMPs
is often used as a proxy for Toll and Imd activation. Several studies
failed to detect robust induction of AMP expression in virus infection (Table 2). For example, proteomic analyses of ﬂies infected
with the positive stranded (+) RNA viruses DCV and FHV did not
detect an induction of AMP expression (Sabatier et al., 2003; Go
et al., 2006). Microarray analyses and quantitative RT-PCR also
failed to detect robust AMP induction in DCV and CrPV infection
(Dostert et al., 2005; Costa et al., 2009). Furthermore, a microarray
analysis of A. gambiae infected through a blood meal with of
O’nyong-nyong virus (ONNV) did not detect an induction of
components or downstream effectors of the Toll, Imd and Jak-Stat
pathways at 14 days after infection (Sim et al., 2005). In the nonDipteran insect, Apis mellifera (the honey bee) neither AMP
secretion, nor a cellular melanization response was induced upon
Acute bee paralysis virus infection (Azzami et al., 2012). Together,
these reports suggest that the Toll, Imd and Jak-Stat pathways do
not play major roles in RNA virus infections in Drosophila and
mosquitoes. Nevertheless, studies using other infection models
suggest a more convoluted situation (Table 2).
3.1. Toll pathway
Drosophila infected with the dsRNA virus DXV produced robust
levels of the AMPs Drosomycin and Metchnikowin at 24 h after
inoculation (Zambon et al., 2005). The level of induction was comparable to that triggered by systemic infection with the Gram-negative bacterium Escherichia coli. These AMPs are typically induced
in a Toll (Drosomycin) or a Toll and Imd (Metchnikowin) dependent manner. Indeed, a role for the Toll pathway was suggested
by a screen for DXV sensitivity among ﬂies with defects in genes
with known immune function. Among 60 tested ﬂy lines, a
loss-of-function mutation in Dif, the Toll-activated NF-jB transcription factor, and a gain-of-function mutation in Toll conferred
increased susceptibility to DXV infection. Both mutants succumbed
faster to virus infection. Viral titers were higher in the Dif mutant,
but remained close to control levels in the Toll mutant. A direct
antiviral activity of the induced AMPs could not be established:
over-expression of single AMPs in a Toll and Imd pathway double
mutant did not affect viral load or overall survival. Hemocytes, the
immune cells that circulate in the hemolymph, are more numerous
in the Toll gain-of-function mutant (Lemaitre et al., 1995). These
results may thus suggest a role for phagocytosis or other hemocyte
activities in control of virus infection.
Microarray-based transcriptional proﬁling of A. aegypti mosquitoes identiﬁed 240 genes that were up-regulated after DENV infection via an infectious blood meal (Xi et al., 2008). Interestingly,
among the induced genes were components of the Toll pathway,
such as Toll, Spätzle, and Rel1A, as well as Toll-dependent antimicrobial peptides such as Cecropin and Defensin. The importance of
this pathway in DENV infection was supported by an increase in
viral titers in the midgut after RNAi mediated knockdown of the
Toll adaptor protein MyD88 (Xi et al., 2008). Other mosquito infection models also suggest a role for Toll in the response to virus
infection. A differential display approach in midguts of Culex pipiens quinquefasciatus infected with WNV via a blood meal identiﬁed
a transcript (CQ G12A2) that shares 33% similarity with the A. aegypti Toll-like receptor (Smartt et al., 2009). Furthermore, a microarray analysis of SINV infected A. aegypti detected a modest 1.8fold induction of the Toll dependent transcription factor Rel1
among the 19 genes that we up-regulated at one day after infection
(Sanders et al., 2005). However, neither Rel1, nor other canonical
immune genes were induced at later time points (4 and 8 days
after infection).
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Table 2
Inducible immune pathways implicated in antiviral defense in Drosophila and mosquito.
Pathway

Organism

Virus

Inducible immune response
a

Genetic evidence

Toll

Drosophila melanogaster
Aedes aegypti

Imd

Aedes albopictus
Drosophila melanogaster

Jak-Stat

Aedes albopictus
Anopheles gambiae
Drosophila melanogaster

Aedes aegypti

Aedes albopictus

References

Transcriptional response
Pathway
componentsb

AMP
expressionc

Other humoral
factorsd

DXV
DENV
DENV
SINV
YFV
SFVe
CrPV
DmelSVg
SINVh
SFVe
ONNV
DCV

+
+
n.t.
n.t.
n.t.
n.t.
+
n.t
+
n.t.
+

n.t.
Up
Down
Up
Down
n.t.
n.t.
Upg
n.t.
n.t.
Down
–

Up
Up
–
n.t.
–
Downf
–
Upg
Up
Downf
–
–

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
Up

FHV
DENV
DENV
WNV
YFV
SFVe

n.t.
+
n.t.
n.t.
n.t.
n.t.

n.t.
Up
–
–
–
n.t.

–
Up
Downi
Downi
Downi
Downf

Up
Up
–
–
–
n.t.

Zambon et al. (2005)
Xi et al. (2008)
Colpitts et al. (2011)
Sanders et al. (2005)
Colpitts et al. (2011)
Fragkoudis et al. (2008)
Costa et al. (2009)
Tsai et al. (2008)
Avadhanula et al. (2009)
Fragkoudis et al. (2008)
Waldock et al. (2012)
Dostert et al. (2005)
Deddouche et al. (2008)
Dostert et al., 2005
Souza-Neto et al., 2009
Colpitts et al. (2011)
Colpitts et al. (2011)
Colpitts et al., 2011
Fragkoudis et al. (2008)

n.t., not tested; n.a., not applicable.
a
+, increased virus replication or virus-induced mortality upon inactivation of key components of these pathways using genetic mutants in Drosophila or RNAi in
mosquitoes. –, no change detected.
b
Transcriptional changes of components of the pathways of at least 2-fold. Up, increased expression; down, reduced expression; –, no or less than 2-fold change in
expression.
c
Changes in AMP expression of at least 5-fold. Up, increased expression; down, reduced expression; –, no or less than 5-fold change in expression.
d
Other humoral factors are deﬁned here as Jak-Stat inducible humoral factors, such as Thioester-containing proteins (TEPs), Turandot proteins, or vir-1. Up, increased
expression; down, reduced expression; –, no or less than 5-fold change in expression.
e
This study was performed in the Aedes albopictus derived U4.4 cell line; all other reported studies were performed in the adult insect.
f
Reduced expression of a luciferase reporter driven by Toll, Imd and Jak-Stat responsive promoters after ectopic activation of these pathways.
g
The results obtained by Tsai et al. (2008) are in conﬂict to those obtained by Carpenter et al. (2009), who did not observe an induction of the Imd, Toll and Jak-Stat
pathways.
h
This study analyzed a Sindbis virus replicon encoded in the genome of a transgenic ﬂy.
i
Reduced expression of Cecropin-A like genes and Defensin I-like genes that were previously shown to be Jak-Stat dependent (Souza-Neto et al., 2009).

3.2. Imd pathway
Two studies suggested a role for the Imd pathway in the defense
against RNA viruses in Drosophila. Several isogenic mutants of the
Imd pathway displayed higher levels of viral RNA and increased
mortality after CrPV infection (Costa et al., 2009). Mutants for the
receptor PGRP-LC, as well as downstream signaling components
Tak1, ird5, kenny, and Relish were more sensitive to infection. Strikingly however, mutants of the adaptor protein Imd and dFADD did
not show an increased CrPV susceptibility. Imd is located at a
branch-point in the Imd pathway and transduces a signal into
two distinct arms of the pathway. Moreover, an interaction between PGRP-LC and Imd does not seem to be essential for signal
transduction (Kaneko et al., 2006). The authors thus conclude that
distinct branches of the Imd pathway contribute differently to
antiviral immunity. Despite the genetic support for Imd in control
of CrPV infection, no AMP induction could be detected, suggesting
that activation of the Imd pathway and AMP induction can be
uncoupled in the response to virus infection.
In another study, a transgenic ﬂy line expressing a SINV replicon
was crossed to Toll, Imd and Jak-Stat mutants to screen for host
factors modifying virus replication (Avadhanula et al., 2009).
Mutants for intracellular components of the Imd pathway, such
as Relish, imd, dFADD and Dredd, and the Jak-Stat mutant Stat92E
showed higher viral RNA loads. No difference was observed in Toll
pathway mutants. In accordance, the Imd-dependent AMP Diptericin and the partially Imd-dependent Metchnikowin were induced
by virus replication. Viral RNA loads remained normal in mutants
for PGRP-LC and PGRP-LE, the receptors that bind peptidoglycans
to initiate the Imd pathway in a bacterial infection. Thus, it is likely

that yet undeﬁned receptors detect intracellular viral RNA and trigger the Imd pathway.
Transcriptional proﬁling of the immune response of A. gambiae
to another alphavirus, ONNV, revealed altered expression of Imd
pathway genes early after systemic infection by injection. The
IjB Kinase IKK-1, a component of the Imd pathway, was down-regulated at 4 days after inoculation. In contrast, the AMPs Diptericin
and Cecropin were modestly up-regulated (Waldock et al., 2012).
However, silencing of the Imd dependent transcription factor
Rel2 did not signiﬁcantly affect virus titers, suggesting a limited
contribution of this pathway to antiviral defense in Anopheles. This
observation is also consistent with the lack of a signiﬁcant induction of immune genes in ONNV-infected A. gambiae at 14 days after
infection in another study (Sim et al., 2005). Analyses of the transcriptome of Drosophila infected with the negative stranded ( )
RNA Sigma virus revealed that two PGRPs and four Imd dependent
AMPs were potently induced (Tsai et al., 2008). Nevertheless, another study found no activation of the Toll, Imd and Jak-Stat pathways (Carpenter et al., 2009). The discrepancies between these
reports may be due to differences in experimental set-up, including the genetic background of the Drosophila strains analyzed.
3.3. Jak-Stat
A microarray analysis on DCV-infected Drosophila identiﬁed 138
genes that were upregulated at 24 and 48 h after infection (Dostert
et al., 2005). Two thirds of these genes did not overlap with those
induced upon bacterial or fungal infection. Several of the virusinduced genes contained Stat binding sites in their promoters, for
example virus induced RNA-1 (vir-1), the antimicrobial peptide
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Listericin/CG9080, and a putative GNBP-like receptor CG12780
(Dostert et al., 2005). Different DCV strains could activate these
genes, but UV-inactivated, non-infectious DCV particles or dsRNA
did not (Hedges and Johnson, 2008), suggesting that active virus
replication or virus-induced cellular damage and cell debris is required for activation of Jak-Stat signaling. Mutants for the Jak kinase hop expressed lower levels of vir-1, harbored higher viral
loads, and succumbed faster to infection (Dostert et al., 2005).
Vir-1 null mutants, however, did not show an enhanced sensitivity
to DCV infection, suggesting that vir-1 is not a direct antiviral effector. Interestingly, the tissues with the highest vir-1 expression
were not the same as the ones with the highest virus levels, suggesting that a putative cytokine alerts non-infected cells to the
presence of virus via Jak-Stat activation. The Gram-positive intracellular bacterium Listeria monocytogenes also induces Listericin
expression, in a Jak-Stat and PGRP-LE dependent manner (Goto
et al., 2010), suggesting that this pathway plays a role in both
intracellular bacterial and viral infections.
Comparative genomic analyses of Drosophila, A. gambiae, and A.
aegypti identiﬁed orthologs for core components of the Jak-Stat
pathway (domeless, hop, Stat, PIAS, SOCS) in these insects (Waterhouse et al., 2007; Souza-Neto et al., 2009). The role of the Jak-Stat
pathway in antiviral defense in A. aegypti was suggested by a transcriptome analysis that detected an up-regulation of the receptor
domeless and three other Jak-Stat genes at 10 days after DENV
infection via an infectious blood meal (Xi et al., 2008; Souza-Neto
et al., 2009). In accordance, RNAi mediated knockdown of hop, a
positive regulator of the Jak-Stat pathway, resulted in increased
virus titers in the mosquito. Furthermore, knockdown of the JakStat dependent, DENV-induced genes Q1HR00/Dengue virus restriction factor 1 (DVRF1) and AAEL000896/DVRF2 resulted in higher
DENV replication in the midgut. Notably, Colpitts et al. (2011)
demonstrated consistent down-regulation of expression of four
Cecropin A-like AMPs and one defensin l-like AMPs, previously suggested to be Jak-Stat dependent (Souza-Neto et al., 2009), in DENV,
WNV, and Yellow fever virus infection of A. aegypti.
3.4. Do Toll, Imd and Jak-Stat mediate antiviral defense in insects?
Together, the studies discussed in Sections 3.1–3.3 imply that
the Toll, Imd, and Jak-Stat pathways, classically implicated in antimicrobial responses, can also contribute to antiviral defense in
some virus infections in Drosophila and mosquito. Nevertheless,
the literature remains fragmentary and in some cases even contradictory. For example, two studies obtained conﬂicting results
regarding the induction of AMPs in Sigma virus infections of
Drosophila (Tsai et al., 2008; Carpenter et al., 2009). Moreover, for
viruses within the same family, different model systems yielded
different conclusions. Within the alphavirus genus of the Togaviridae, a study that used transgenic ﬂies expressing a SINV replicon
implicated the Imd pathway in antiviral defense (Avadhanula
et al., 2009). In contrast, neither a transcriptome analysis of SINV
in blood-fed A. aegypti nor a functional assay in systemic ONNV infected A. gambiae supported a major function for Imd in the defense against alphaviruses (Sanders et al., 2005; Waldock et al.,
2012). It remains unclear whether the observed differences are
due to the different experimental approaches, to the unique properties of these viruses, or to the different host species. More generally, the limited consistency between infection models, inoculation
routes, and other experimental conditions makes it difﬁcult to
identify consistent patterns in the induction of speciﬁc immune
pathways in response to virus infection.
Standardized, systematic approaches will be required before
ﬁrm conclusions can be drawn about the antiviral activity of speciﬁc pathways, especially in relation to host species, routes of inoculation, virus family, and pathogenicity. One such study analyzed

the transcriptional response of A. aegypti to infection with three
ﬂaviviruses, DENV, WNV, and Yellow fever virus, under the same
experimental conditions (Colpitts et al., 2011). A set of 35 genes
were differentially expressed at 1 day after infection by all three
viruses. Overlap between these viruses was more limited or even
absent at later stages, suggesting that the speciﬁc response of the
host may be unique for each virus. Finally, we note that although
transcriptomic approaches are essential to detect inducible
responses, they should be extended with functional assays using
genetic mutants or other gene inactivation methods before conclusions can be drawn about the importance of speciﬁc pathways in
antiviral defense.
3.5. Open questions
Many important questions remain to be addressed. First, the
cellular receptors that detect the presence of a virus infection
and the detected viral molecular patterns remain to be identiﬁed.
Double-stranded RNA is readily detectable in cells infected with
(+) RNA, dsRNA, and DNA viruses, but not in non-infected cells
(Weber et al., 2006). It is therefore not surprising that this viral
PAMP is a potent inducer of innate antiviral responses in mammals. However, injection of dsRNA into insects does not induce
an antiviral state (Keene et al., 2004; Sanchez-Vargas et al., 2009;
Saleh et al., 2009). Thus in insects, dsRNA alone does not seem to
sufﬁce to initiate an inducible immune response and additional
signals may be required for a robust immune response. Indeed,
induction of the antiviral gene Vago seems to require dsRNA sensing by Dicer-2, in addition to other virus-induced signals (Deddouche et al., 2008) (see Section 4.1). For instance, damaged cells from
virus-infected tissues may act as or release danger signals that
could activate an immune response (Fig. 1).
Second, potent AMP induction has only been reported in some
virus infections of Drosophila and mosquito. Differences in replication strategy, viral tropism, route of inoculation, or other experimental conditions may partially explain the discrepancy in AMP
induction between these studies. Alternatively, some viruses may
encode speciﬁc antagonistic activities that inhibit the activation
or signaling of the Toll and Imd pathways. Many mammalian
viruses encode interferon antagonists that interfere with the pathways that lead to the production of type I interferon or with downstream effector mechanisms (Randall and Goodbourn, 2008). As a
consequence, robust interferon production may not be detectable
unless the viral interferon antagonist is inactivated. Therefore, a
lack of AMP production should be interpreted with caution, as it
could be due to viral interference with immune signaling. Indeed,
there is evidence that arboviruses are able to suppress immune
pathways in insects. For instance, DENV is capable of repressing
the Toll and Imd-dependent induction of AMPs in response to bacterial challenge in an A. aegypti cell line (Sim and Dimopoulos,
2010). Similarly, Semliki Forest virus (SFV) inhibited reporter gene
expression under Toll, Imd and Jak-Stat responsive promoters in
Aedes albopictus derived cells after activation by a constitutively active Toll construct (Toll) or by heat-inactivated E. coli (Imd and JakStat), respectively (Fragkoudis et al., 2008). SFV induces a global
inhibition of host gene expression in these cells, which may contribute to the inhibition of inducible immune responses (Fragkoudis et al., 2008). Whether suppression of inducible immune
responses is a general strategy of arboviruses and how these activities contribute to virus transmission by mosquitoes remains to be
established.
Interestingly, viral antagonism of NF-jB activity has also been
reported in non-Dipteran insects. Polydnaviruses, such as Microplitis demolitor bracovirus that infects the parasitoid wasp M. demolitor, encode inhibitory proteins (H4 and N5) that are homologous
to the IjB factors that inhibit of NF-jB activation. These viral IjB
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mimics bind to Dif and Relish and thereby inhibit Toll and Imddependent AMP production (Thoetkiattikul, 2005; Falabella et al.,
2007; Bitra et al., 2012). These results imply that NF-jB dependent
pathways are activated in the parasitized host, but that polydnaviral NF-jB antagonists prevent expression of downstream
effectors.
Third, the downstream antiviral effector of the Toll, Imd and
Jak-Stat pathways remain to be identiﬁed. It is unclear whether
AMPs directly contribute to antiviral defense in Drosophila. Several
studies, however, have addressed this question in mosquitoes.
High-throughput sequencing of the A. aegypti salivary gland transcriptome in response to DENV infection revealed a strong induction of a gene belonging to the Cecropin family (AAEL000598). The
corresponding (chemically synthesized) peptide inhibited DENV
replication in A. albopictus cells and Chikungunya virus replication
in a human cell line (Luplertlop et al., 2011). Ectopic expression of
Defensin-A and Cecropin-A in the fat body of transgenic A. aegypti
mosquitoes also inhibited replication of DENV, both in midgut
and fat body (Luplertlop et al., 2011; Pan et al., 2011). An antiviral
activity of AMPs or other downstream targets is also suggested by
the observation that pretreatment of A. albopictus cells with heatinactivated bacteria, which activate the Imd and Jak-Stat pathways,
inhibited replication of SFV (Fragkoudis et al., 2008). Thus, AMPs
seem to participate in antiviral responses in mosquitoes, yet, their
mechanism of action remains unclear. AMPs in Drosophila directly
target microbial invaders by disrupting bacterial and fungal membranes. This mechanism is unlikely to be active against non-enveloped viruses, such as CrPV and DCV, but may be activate against
enveloped viruses. Vertebrate AMPs (Defensins) can inhibit virus
replication through various other means, such as inhibiting cell
attachment or virus entry (Ding et al., 2009), and similar mechanisms may also play a role antiviral immunity in insects.
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membranous replication organelles or for non-lytic virus secretion
(Kirkegaard, 2009). In plants, autophagy is a well-known defense
mechanism (Seay et al., 2009), but its role in antiviral immunity
in animals has only recently been demonstrated in Herpes simplex
virus and SINV infection in mice, and in VSV infection in Drosophila
(Dreux and Chisari, 2010; Yordy and Iwasaki, 2011). VSV is a ( )
RNA arbovirus from the Rhabdoviridae family that, under experimental conditions, also infects Drosophila (Shelly et al., 2009).
Adult ﬂies deﬁcient for components of the autophagy pathway
support increased levels of VSV replication. As a consequence, mutant ﬂies succumb to VSV infection, whereas wild-type control ﬂies
do not. The detection of the VSV-G glycoprotein by an unknown
receptor results in downregulation of the phosphatidylinositol 3kinase (PI3K)-Akt pathway that under normal nutritional conditions represses autophagy. Thereby, VSV mimics a starvation state
that favors autophagy in virus-infected cells. More recently, it was
demonstrated that VSV binds Toll-7, a member of the Drosophila
Toll family, at the cell surface, thereby activating autophagy
(Nakamoto et al., 2012).
A role for autophagy is also suggested by the observation that a
polymorphism in the Drosophila ref(2)p gene confers resistance
against Sigma virus, another member of the Rhabdoviridae family
(Dru et al., 1993; Contamine et al., 1989). Intriguingly, ref(2)p is involved in autophagy (Nezis et al., 2008; Taillebourg et al., 2012) but
also in Toll dependent signaling (Avila et al., 2002). Nevertheless,
direct evidence that the antiviral effect of ref(2)p is mediated by
its role in autophagy is thus far lacking. In contrast to the observations in VSV-infected ﬂies, the PI3K-Akt-Tor pathway seems to be
proviral in SINV infection of Drosophila and A. albopictus. Moreover,
SINV infection activates this pathway, thereby increasing viral replication and promoting cell survival (Patel and Hardy, 2012).
4.3. Heat-shock response

4. Alternative inducible antiviral responses
4.1. Vago
Vago is one of the genes with the highest induction upon DCV
infection of Drosophila, but it does not contain a Stat-binding site
in its promoter (Dostert et al., 2005). This gene encodes a 160
amino acid peptide that is mainly expressed in the fat body, the
main target organ for DCV (Dostert et al., 2005). Viral replication
is enhanced in the fat body of Vago null mutants, which suggests
a direct role for Vago in restricting virus infection (Deddouche
et al., 2008). Strikingly, Vago induction depends on the DExD/Hbox helicase domain of Dicer-2, but not on the Toll, Imd and JakStat signaling pathways. Dicer-2 is the ribonuclease that processes
viral dsRNA into small interfering (si) RNAs to initiate an antiviral
RNAi pathway. Yet, Argonaute 2 and R2D2, other central actors of
the RNAi pathway, are not involved in Vago induction. These results suggest that Dicer-2 is a sensor for viral dsRNA that not only
initiates an antiviral RNAi response, but also activates an inducible
antiviral response. Strikingly, the DExD/H-box helicase domain of
Dicer-2 is similar to the helicase domain of the RIG-I like helicases
RIG-I and MDA-5 that sense viral RNA and initiate an interferon response in mammals. This is likely due to convergent evolution, as
Vago does not seem to be evolutionary conserved in other insects,
such as Aedes, Anopheles, or Culex species.

The alphavirus O’nyong nyong virus (ONNV) is the only known
arbovirus that is transmitted by A. gambiae. A microarray analysis
of blood-fed ONNV infected A. gambiae did not detect an induction
of the Toll, Imd, and Jak-Stat pathways, but identiﬁed Hsc70B as the
gene with the strongest induction at 14 days after infection (Sim
et al., 2005). Hsp70B is a chaperone protein of the heat-shock protein family that can be induced by a variety of stresses. Knockdown
of Hsp70B increased ONNV replication in head, thorax, and abdomen, suggesting an important role in control of virus infection
(Sim et al., 2007). Interestingly, a proteomic analysis on FHV infected Drosophila S2 cells also revealed robust induction of the
heat-shock proteins Hsp23 and Hsp27 (Go et al., 2006). Heat-shock
responses are known to play various roles in virus infections in
mammals (reviewed by Santoro et al., 2010). For example, heatshock proteins may constitute a danger signal that initiates innate
immune responses (Matzinger, 2002). The role of the heat-shock
response in insect immunity awaits further characterization. Strikingly, the Hsp70/Hsp90 machinery is critical in loading of siRNAs
into the RNAi effector complex RISC (RNA-induced silencing complex) in ﬂies (Iwasaki et al., 2010). An intriguing and testable
hypothesis therefore is that the induction of Hsp70 upon virus
infection facilitates loading of RISC with viral siRNAs, thereby
strengthening the antiviral RNAi response.
5. Contribution of symbionts to antiviral immune defenses

4.2. Autophagy pathway
5.1. Wolbachia
Autophagy is a mechanism for degradation of cell components
by lysosomes that is essential for growth and homeostasis. The
interaction between viruses and the autophagy pathway is
complex. Some viruses exploit the pathway for production of

Wolbachia is an obligate intracellular Gram-negative bacterium
from the Rickettsiales order that infects 65% of invertebrate species, including nematodes, crustaceans and insects (Werren et al.,
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2008). Its high prevalence is based on the remarkable ability to
manipulate the reproductive system of the host via cytoplasmic
incompatibility. This mechanism provides a selective reproductive
advantage to infected females ensuring efﬁcient spread of Wolbachia in the population (Serbus et al., 2008). Many wild populations,
as well as laboratory stocks of D. melanogaster carry Wolbachia
(Clark et al., 2005). Strikingly, Wolbachia infected ﬂies are less sensitive than Wolbachia-free ﬂies to infection with the RNA virus
DCV, which is associated with a reduction in viral titers (Hedges
and Johnson, 2008; Taillebourg et al., 2012). Wolbachia also provides protection against FHV and Nora virus-induced mortality,
but this is not associated with a decrease in viral titers (Teixeira
et al., 2008). Wolbachia does not increase resistance to experimental infection with the DNA virus Invertebrate iridescent virus 6
(Teixeira et al., 2008), but it remains to be established whether
the same holds true for a natural DNA virus pathogen of Drosophila.
Additionally, some, but not all Wolbachia strains protect Drosophila
simulans against DCV and FHV infection, suggesting an evolutionary conserved, but strain speciﬁc mechanism for Wolbachia mediated antiviral protection (Osborne et al., 2009).
Whereas Wolbachia induced viral resistance may partially explain the evolutionary success of the symbiont, its mechanism remains unclear. An intriguing hypothesis is that Wolbachia instructs
the immune system to respond faster and more potently to a
microbial challenge (immune priming). However, the lack or low
induction of AMP expression in D. melanogaster (Wong et al.,
2011) or D. simulans (Bourtzis et al., 2000) infected with Wolbachia
argues against this hypothesis. In accordance, two different strains
of Wolbachia (wMelPop or wMel) inhibited DENV replication in
Drosophila, but did not induce consistent changes in expression
of AMPs and other immune genes (Rancès et al., 2012). Moreover,
Wolbachia did not alter survival after challenge with several bacteria, including Pseudomonas aeruginosa, Serratia marcescens and
Erwinia carotovora (Wong et al., 2011). These results suggest that
the Toll and Imd pathways and downstream AMPs do not mediate
Wolbachia induced viral resistance in Drosophila.
Surprisingly, Wolbachia does not naturally infect A. gambiae and
A. aegypti, although it is found in other mosquito species. Nevertheless, Wolbachia inhibited DENV midgut replication and subsequent
dissemination to thorax and head in A. aegypti (Bian et al., 2010).
Infection of A. aegypti with the more virulent strain, wMelPopCLA, reduced the lifespan of the mosquitoes by 50% (McMeniman
et al., 2009) and limited the replication of DENV, Chikungunya
virus, and Plasmodium gallinaceum (Moreira et al., 2009). As the
speciﬁc responses against pathogens as diverse as RNA viruses
and eukaryotic parasites are likely to be very dissimilar, these results suggest that Wolbachia interferes with global immune responses. Indeed, transcriptome analyses showed that Wolbachia
induces several immune genes in A. aegypti, including components
of the Toll (PGRP-SA, GNBP, Rel1), Imd (Rel2), Jak-Stat (SOCS36E),
and melanization pathways, as well as their downstream effectors,
such as AMPs (Cecropin and Defensin) and thio-ester containing
proteins (Xi et al., 2008; Kambris et al., 2009; Moreira et al.,
2009; Rancès et al., 2012). Induction of the Toll, Imd and Jak-Stat
pathways by Wolbachia is not well understood. Toll activation
seems to be mediated through the production of reactive oxygen
species (ROS) and activation of the NADPH oxidase upon infection
by the bacterium (Pan et al., 2011). These results are in striking
contrast to those obtained in Drosophila, in which these pathways
were not activated (Bourtzis et al., 2000; Wong et al., 2011). The
lack of co-evolution with the symbiont may provide a partial
explanation for activation of inducible immune pathways by
Wolbachia in mosquitoes.
Competition between bacterium and virus for essential
resources may provide an alternative explanation for the antiviral
effect of Wolbachia. Indeed, Wolbachia invades several tissues in A.

aegypti, including brain and fat body, which are also target organs
for DENV. In Wolbachia-infected mosquitoes, DENV levels in these
tissues were strongly reduced, which may suggest a cell-autonomous antiviral effect (Moreira et al., 2009). Moreover, Wolbachia
is unable to synthetize cholesterol and has to obtain it from host
cells (Lin and Rikihisa, 2003; Wu et al., 2004). Since cholesterol is
also required for ﬂavivirus and alphavirus replication, the presence
of Wolbachia could compete for cholesterol, thereby restricting
DENV infection and pathogenesis (Lu et al., 1999; Mackenzie
et al., 2007). Two lines of evidence exclude a role for the RNAi pathway in Wolbachia mediated protection. Wolbachia inhibits DENV
replication in the A. albopictus derived C6/36 cell line that lacks
functional Dicer-2 expression (Frentiu et al., 2010). Furthermore,
Wolbachia infection renders Argonaute-2 mutant ﬂies more resistant to WNV infection (Glaser and Meola, 2010).
Wolbachia mediated protection from arbovirus infection inspired the development of a new DENV control strategy that is
based on a population replacement approach. In 2011, a groundbreaking ﬁeld trial demonstrated the successful replacement of a
wild A. aegypti population with Wolbachia infected mosquitoes
with reduced susceptibility to DENV (Hoffmann et al., 2011; Walker et al., 2011). Other organisms that boost the mosquito’s immune
response, such as the entomopathogenic fungus Beauveria bassiana,
might be exploited in a similar fashion to limit transmission of arboviruses (Dong et al., 2011).
5.2. Gut microbiome
The gut lumen of mammals and insects contains a dense population of mutualistic bacteria, referred to as the gut microbiome.
This bacterial community plays crucial roles in host physiology,
such as nutrition and digestion (Dillon and Dillon, 2004), immune
system maturation (Heller, 2011; Weiss et al., 2011), insulin-signaling and metabolic homeostasis (Shin et al., 2011; Storelli
et al., 2011; Leulier and Royet, 2009), and mating preference (Sharon et al., 2010). In Drosophila, the resident gut bacteria activate Imd
signaling in intestinal epithelial cells. As a consequence, the transcription factor Relish localizes to the nucleus; nevertheless, only
very low levels of AMPs are produced. The homeobox gene Caudal
represses NF-jB dependent AMP expression, preventing clearance
of the microﬂora from the gut lumen (Ryu et al., 2008). Knockdown
of Caudal results in AMP up-regulation, a modiﬁcation of the resident bacterial population, and a predominance of a pathogenic
bacterium, resulting in gut apoptosis and pathology. This and other
studies imply that negative regulation of the Imd pathway is crucial for maintenance of the equilibrium of the gut microbiome
(Zaidman-Remy et al., 2006; Lhocine et al., 2008; Leulier and Royet,
2009; Lee and Ferrandon, 2011; Storelli et al., 2011).
Several studies suggest a role for the gut microbiome in arbovirus infection and transmission by mosquitoes. Elimination of the
gut bacteria by antibiotic treatment results in higher DENV loads
in A. aegypti midguts (Xi et al., 2008). Several bacterial species of
the microbiome contribute to virus control in the midgut, possibly
through activation of immune pathways and induction of AMPs. In
return, DENV indirectly diminishes the overall bacterial load, likely
through up-regulation of AMP expression, creating an intricate tripartite relationship between mosquito, virus, and gut bacteria
(Ramirez et al., 2012). Two recent reports highlight the importance
of the gut microbiome in virus infection in mice, although in these
cases, the presence of gut bacteria enhanced virus transmission,
replication and pathogenesis (Kane et al., 2011; Kuss et al., 2011).
Together, these studies imply that the gut microbiome is not
merely a passive commensal population with limited functions in
digestion, but that it also contributes to local and, perhaps, systemic immune responses. Gut bacteria inﬂuence local AMP production by epithelial cells, as well as systemic AMP secretion by the fat
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body (Ryu et al., 2008; Wu et al., 2012). This suggests the existence
of cross-talk between these organs, possibly mediated by motile
cells or secreted factors (Rodrigues et al., 2010; Wu et al., 2012).
Understanding these interactions may provide opportunities to
manipulate virus infection in insect vectors.
6. Concluding remarks
In recent years, important progress has been made in our
understanding of antiviral immunity in insects. RNAi seems to be
the major antiviral strategy of Drosophila and mosquitoes. Nevertheless, several lines of evidence suggest that insects also mobilize
other immune defenses to ﬁght virus infection. Unlike the RNAi
pathway, these immune responses are inducible and seem tailored
to each virus infection, perhaps depending on route of infection,
viral tropism, and pathogenicity. This adds an unexpected and
poorly understood layer of complexity to antiviral innate immunity in insects.
The immune system is historically deﬁned by its ability to detect and eliminate pathogens, thereby protecting the host from
excessive pathology. Medzhitov et al. (2012) recently proposed a
complementary view on host defense that is based on the reduction of the pathogenic effects of microbes without an associated
reduction in pathogen burden, which the authors deﬁned as tolerance. Arboviruses are considered to be non-pathogenic to their
vector. The notion of tolerance may provide a fruitful conceptual
framework for understanding arbovirus infection of the vector.
Obtaining a more comprehensive view of inducible antiviral immune responses, understanding the mechanisms underlying their
induction, identifying downstream effector molecules, and evaluating their contribution to vector competence are major challenges
of the ﬁeld. Moreover, the immunomodulatory activity of symbionts, such as intracellular bacteria and gut microﬂora, awaits further investigation and may provide important leads towards
understanding antiviral immunity in Diptera. A further dissection
of insect immunity through a combination of ﬂy genetics and functional analyses in arbovirus infected mosquitoes will hopefully
provide novel opportunities to control the spread of arboviruses.
Acknowledgements
We thank members of the laboratory for helpful discussions,
and Koen van Cleef and François Bonnay for critical reading of
the manuscript. This work was ﬁnancially supported by a VIDI fellowship from the Netherlands Organization for Scientiﬁc Research
(project number 864.08.003), by a Horizon Breakthrough fellowship from the Netherlands Genomics Initiative (project number
93511004), and by a PhD grant from the Nijmegen Centre for
Molecular Life Sciences.
References
Agaisse, H., Perrimon, N., 2004. The roles of JAK/STAT signaling in Drosophila
immune responses. Immunological Reviews 198, 72–82.
Agaisse, H., Petersen, U.M., Boutros, M., Mathey-Prevot, B., Perrimon, N., 2003.
Signaling role of hemocytes in Drosophila JAK/STAT-dependent response to
septic injury. Developmental Cell 5, 441–450.
Aggarwal, B.B., 2003. Signalling pathways of the TNF superfamily: a double-edged
sword. Nature Reviews Immunology 3, 745–756.
Arbouzova, N.I., Zeidler, M.P., 2006. JAK/STAT signalling in Drosophila: insights into
conserved regulatory and cellular functions. Development 133, 2605–2616.
Avadhanula, V., Weasner, B.P., Hardy, G.G., Kumar, J.P., Hardy, R.W., 2009. A novel
system for the launch of alphavirus RNA synthesis reveals a role for the Imd
pathway in arthropod antiviral response. PLoS Pathogens 5, e1000582.
Avila, A., Silverman, N., Diaz-Meco, M.T., Moscat, J., 2002. The Drosophila atypical
protein kinase C-ref(2)p complex constitutes a conserved module for signaling
in the toll pathway. Molecular and Cellular Biology 22, 8787–8795.
Azzami, K., Ritter, W., Tautz, J., Beier, H., 2012. Infection of honey bees with acute
bee paralysis virus does not trigger humoral or cellular immune responses.
Archives of Virology 157, 689–702.

9

Bartholomay, L.C., Waterhouse, R.M., Mayhew, G.F., Campbell, C.L., Michel, K., Zou,
Z., Ramirez, J.L., Das, S., Alvarez, K., Arensburger, P., Bryant, B., Chapman, S.B.,
Dong, Y., Erickson, S.M., Karunaratne, S.H., Kokoza, V., Kodira, C.D., Pignatelli, P.,
Shin, S.W., Vanlandingham, D.L., Atkinson, P.W., Birren, B., Christophides, G.K.,
Clem, R.J., Hemingway, J., Higgs, S., Megy, K., Ranson, H., Zdobnov, E.M., Raikhel,
A.S., Christensen, B.M., Dimopoulos, G., Muskavitch, M.A., 2010. Pathogenomics
of Culex quinquefasciatus and meta-analysis of infection responses to diverse
pathogens. Science 330, 88–90.
Benedict, C.A., Banks, T.A., Ware, C.F., 2003. Death and survival: viral regulation of
TNF signaling pathways. Current Opinion in Immunology 15, 59–65.
Bian, G., Xu, Y., Lu, P., Xie, Y., Xi, Z., 2010. The endosymbiotic bacterium Wolbachia
induces resistance to dengue virus in Aedes aegypti. PLoS Pathogens 6,
e1000833.
Bitra, K., Suderman, R.J., Strand, M.R., 2012. Polydnavirus Ank proteins bind NFkappaB homodimers and inhibit processing of relish. PLoS Pathogens 8,
e1002722.
Blair, C.D., 2011. Mosquito RNAi is the major innate immune pathway controlling
arbovirus infection and transmission. Future Microbiology 6, 265–277.
Bourtzis, K., Pettigrew, M.M., O’Neill, S.L., 2000. Wolbachia neither induces nor
suppresses transcripts encoding antimicrobial peptides. Insect Molecular
Biology 9, 635–639.
Boutros, M., Agaisse, H., Perrimon, N., 2002. Sequential activation of signaling
pathways during innate immune responses in Drosophila. Developmental Cell 3,
711–722.
Buchon, N., Broderick, N., Poidevin, M., Pradervand, S., Lemaitre, B., 2009. Drosophila
intestinal response to bacterial infection: activation of host defense and stem
cell proliferation. Cell Host & Microbe 5, 200–211.
Bulet, P., Hetru, C., Dimarcq, J.L., Hoffmann, D., 1999. Antimicrobial peptides in
insects; structure and function. Developmental and Comparative Immunology
23, 329–344.
Burt, F.J., Rolph, M.S., Rulli, N.E., Mahalingam, S., Heise, M.T., 2012. Chikungunya: a
re-emerging virus. Lancet 379, 662–671.
Carpenter, J., Hutter, S., Baines, J.F., Roller, J., Saminadin-Peter, S.S., Parsch, J., Jiggins,
F.M., 2009. The transcriptional response of D. melanogaster to infection with the
sigma virus (Rhabdoviridae). PLoS ONE 4, e6838.
Chapman, A.D., 2009. Numbers of Living Species in Australia and the World, second
ed. Australian Biological Resources Study, Canberra, Australia.
Chen, G., Goeddel, D.V., 2002. TNF-R1 signaling: a beautiful pathway. Science 296,
1634–1635.
Christophides, G.K., Zdobnov, E., Barillas-Mury, C., Birney, E., Blandin, S., Blass, C.,
Brey, P.T., Collins, F.H., Danielli, A., Dimopoulos, G., Hetru, C., Hoa, N.T.,
Hoffmann, J.A., Kanzok, S.M., Letunic, I., Levashina, E.A., Loukeris, T.G., Lycett, G.,
Meister, S., Michel, K., Moita, L.F., Muller, H.M., Osta, M.A., Paskewitz, S.M.,
Reichhart, J.M., Rzhetsky, A., Troxler, L., Vernick, K.D., Vlachou, D., Volz, J., von
Mering, C., Xu, J., Zheng, L., Bork, P., Kafatos, F.C., 2002. Immunity-related genes
and gene families in Anopheles gambiae. Science 298, 159–165.
Clark, M.E., Anderson, C.L., Cande, J., Karr, T.L., 2005. Widespread prevalence of
Wolbachia in laboratory stocks and the implications for Drosophila research.
Genetics 170, 1667–1675.
Colpitts, T.M., Cox, J., Vanlandingham, D.L., Feitosa, F.M., Cheng, G., Kurscheid, S.,
Wang, P., Krishnan, M.N., Higgs, S., Fikrig, E., 2011. Alterations in the Aedes
aegypti transcriptome during infection with West Nile, dengue and yellow fever
viruses. PLoS Pathogens 7, e1002189.
Contamine, D., Petitjean, A.M., Ashburner, M., 1989. Genetic resistance to viral
infection: the molecular cloning of a Drosophila gene that restricts infection by
the Rhabdovirus sigma. Genetics 123, 525–533.
Costa, A., Jan, E., Sarnow, P., Schneider, D., 2009. The Imd pathway is involved in
antiviral immune responses in Drosophila. PLoS ONE 4, e7436.
De Gregorio, E., Spellman, P.T., Rubin, G.M., Lemaitre, B., 2001. Genome-wide
analysis of the Drosophila immune response by using oligonucleotide
microarrays. Proceedings of the National Academy of Sciences 98, 12590–
12595.
De Gregorio, E., Spellman, P.T., Tzou, P., Rubin, G.M., Lemaitre, B., 2002. The Toll and
Imd pathways are the major regulators of the immune response in Drosophila.
EMBO Journal 21, 2568–2579.
Deddouche, S., Matt, N., Budd, A., Mueller, S., Kemp, C., Galiana-Arnoux, D., Dostert,
C., Antoniewski, C., Hoffmann, J., Imler, J.-L., 2008. The DExD/H-box helicase
Dicer-2 mediates the induction of antiviral activity in Drosophila. Nature
Immunology 9, 1425–1432.
Dillon, R.J., Dillon, V.M., 2004. The gut bacteria of insects: nonpathogenic
interactions. Annual Review of Entomology 49, 71–92.
Ding, J., Chou, Y.Y., Chang, T.L., 2009. Defensins in viral infections. Journal of Innate
Immunity 1, 413–420.
Ding, S.-W., Voinnet, O., 2007. Antiviral immunity directed by small RNAs. Cell 130,
413–426.
Dong, Y., Morton, J.C., Ramirez, J.L., Souza-Neto, J., Dimopoulos, G., 2011. The
entomopathogenic fungus Beauveria bassiana activate Toll and JAK-STAT
pathway controlled effector genes and anti-dengue activity in Aedes aegypti.
Insect Biochemistry and Molecular Biology 42, 126–132.
Dong, Y., Taylor, H.E., Dimopoulos, G., 2006. AgDscam, a hypervariable
immunoglobulin domain-containing receptor of the Anopheles gambiae innate
immune system. PLoS Biology 4, e229.
Dostert, C., Jouanguy, E., Irving, P., Troxler, L., Galiana-Arnoux, D., Hetru, C.,
Hoffmann, J., Imler, J.-L., 2005. The Jak-STAT signaling pathway is required but
not sufﬁcient for the antiviral response of Drosophila. Nature Immunology 6,
946–953.

Please cite this article in press as: Merkling, S.H., van Rij, R.P. Beyond RNAi: Antiviral defense strategies in Drosophila and mosquito. Journal of Insect Physiology (2012), http://dx.doi.org/10.1016/j.jinsphys.2012.07.004

10

S.H. Merkling, R.P. van Rij / Journal of Insect Physiology xxx (2012) xxx–xxx

Dreux, M., Chisari, F.V., 2010. Viruses and the autophagy machinery. Cell Cycle 9,
1295–1307.
Dru, P., Bras, F., Dezelee, S., Gay, P., Petitjean, A.M., Pierre-Deneubourg, A., Teninges,
D., Contamine, D., 1993. Unusual variability of the D. melanogaster ref(2)P
protein which controls the multiplication of sigma Rhabdovirus. Genetics 133,
943–954.
Dupuis, S., Jouanguy, E., Al-Hajjar, S., Fieschi, C., Al-Mohsen, I.Z., Al-Jumaah, S., Yang,
K., Chapgier, A., Eidenschenk, C., Eid, P., Al Ghonaium, A., Tufenkeji, H., Frayha,
H., Al-Gazlan, S., Al-Rayes, H., Schreiber, R.D., Gresser, I., Casanova, J.L., 2003.
Impaired response to interferon-alpha/beta and lethal viral disease in human
STAT1 deﬁciency. Nature Genetics 33, 388–391.
El Chamy, L., Leclerc, V., Caldelari, I., Reichhart, J.-M., 2008. Sensing of ‘danger
signals’ and pathogen-associated molecular patterns deﬁnes binary signaling
pathways ‘upstream’ of Toll. Nature Immunology 9, 1165–1170.
Falabella, P., Varricchio, P., Provost, B., Espagne, E., Ferrarese, R., Grimaldi, A., de
Eguileor, M., Fimiani, G., Ursini, M.V., Malva, C., Drezen, J.M., Pennacchio, F.,
2007. Characterization of the I B-like gene family in polydnaviruses associated
with wasps belonging to different Braconid subfamilies. Journal of General
Virology 88, 92–104.
Ferrandon, D., Imler, J.-L., Hetru, C., Hoffmann, J., 2007. The Drosophila systemic
immune response: sensing and signalling during bacterial and fungal infections.
Nature Review Immunology 7, 862–874.
Fleuriet, A., 1981a. Comparison of various physiological traits in ﬂies (D.
melanogaster) of wild origin, infected or uninfected by the hereditary
Rhabdovirus sigma. Archives of Virology 69, 261–272.
Fleuriet, A., 1981b. Effect of overwintering on the frequency of ﬂies infected by the
rhabdovirus sigma in experimental populations of D. melanogaster. Archives of
Virology 69, 253–260.
Fragkoudis, R., Chi, Y., Siu, R.W., Barry, G., Attarzadeh-Yazdi, G., Merits, A., Nash,
A.A., Fazakerley, J.K., Kohl, A., 2008. Semliki Forest virus strongly reduces
mosquito host defence signaling. Insect Molecular Biology 17, 647–656.
Franco, C., Hynes, N.A., Bouri, N., Henderson, D.A., 2010. The dengue threat to the
United States. Biosecurity and Bioterrorism 8, 273–276.
Frentiu, F.D., Robinson, J., Young, P.R., McGraw, E.A., O’Neill, S.L., 2010. Wolbachiamediated resistance to dengue virus infection and death at the cellular level.
PLoS ONE, 5, e13398.
Galiana-Arnoux, D., Dostert, C., Schneemann, A., Hoffmann, J., Imler, J.-L., 2006.
Essential function in vivo for Dicer-2 in host defense against RNA viruses in
Drosophila. Nature Immunology 7, 590–597.
Glaser, R.L., Meola, M.A., 2010. The native Wolbachia endosymbionts of Drosophila
melanogaster and Culex quinquefasciatus increase host resistance to West Nile
virus infection. PLoS ONE 5, e11977.
Go, E.P., Wikoff, W.R., Shen, Z., Maille, G.O., Morita, H., Conrads, T.P., Nordstrom, A.,
Trauger, S.A., Uritboonthai, W., Lucas, D.A., Chan, K.C., Veenstra, T.D., Lewicki, H.,
Oldstone, M.B., Schneemann, A. & Siuzdak, G., 2006. Mass spectrometry reveals
speciﬁc and global molecular transformations during viral infection research
articles. Journal of Proteome Research 5, 2405–2416.
Goto, A., Yano, T., Terashima, J., Iwashita, S., Oshima, Y., Kurata, S., 2010. Cooperative
regulation of the induction of the novel antibacterial listericin by peptidoglycan
recognition protein LE and the JAK-Stat pathway. Journal of Biological
Chemistry 285, 15731–15738.
Gottar, M., Gobert, V., Matskevich, A.A., Reichhart, J.M., Wang, C., Butt, T.M., Belvin,
M., Hoffmann, J.A., Ferrandon, D., 2006. Dual detection of fungal infections in
Drosophila via recognition of glucans and sensing of virulence factors. Cell 127,
1425–1437.
Habayeb, M.S., Ekengren, S.K., Hultmark, D., 2006. Nora virus, a persistent virus in
Drosophila, deﬁnes a new picorna-like virus family. Journal of General Virology
87, 3045–3051.
Hedges, L.M., Johnson, K.N., 2008. Induction of host defence responses by Drosophila
C virus. Journal of General Virology 89, 1497–1501.
Heller, K., 2011. Tsetse ﬂies rely on symbiotic wigglesworthia for immune system
development. PLoS Biology 9, e1001070.
Herreng, F., 1967. Study on the multiplication of Sindbis arbovirus in Drosophila.
Comptes Rendus Hebdomadaires des Séances de l’Académie des Science D 264,
2854–2857.
Hirano, M., Das, S., Guo, P., Cooper, M.D., 2011. The evolution of adaptive immunity
in vertebrates. Advances in Immunology 109, 125–157.
Hoffmann, A.A., Montgomery, B.L., Popovici, J., Iturbe-Ormaetxe, I., Johnson, P.H.,
Muzzi, F., Greenﬁeld, M., Durkan, M., Leong, Y.S., Dong, Y., Cook, H., Axford, J.,
Callahan, A.G., Kenny, N., Omodei, C., McGraw, E.A., Ryan, P.A., Ritchie, S.A.,
Turelli, M., O’Neill, S.L., 2011. Successful establishment of Wolbachia in Aedes
populations to suppress dengue transmission. Nature 476, 454–457.
Holt, R.A., Subramanian, G.M., Halpern, A., Sutton, G.G., Charlab, R., Nusskern, D.R.,
Wincker, P., Clark, A.G., Ribeiro, J.M., Wides, R., Salzberg, S.L., Loftus, B., Yandell,
M., Majoros, W.H., Rusch, D.B., Lai, Z., Kraft, C.L., Abril, J.F., Anthouard, V.,
Arensburger, P., Atkinson, P.W., Baden, H., de Berardinis, V., Baldwin, D., Benes,
V., Biedler, J., Blass, C., Bolanos, R., Boscus, D., Barnstead, M., Cai, S., Center, A.,
Chaturverdi, K., Christophides, G.K., Chrystal, M.A., Clamp, M., Cravchik, A.,
Curwen, V., Dana, A., Delcher, A., Dew, I., Evans, C.A., Flanigan, M.,
Grundschober-Freimoser, A., Friedli, L., Gu, Z., Guan, P., Guigo, R., Hillenmeyer,
M.E., Hladun, S.L., Hogan, J.R., Hong, Y.S., Hoover, J., Jaillon, O., Ke, Z., Kodira, C.,
Kokoza, E., Koutsos, A., Letunic, I., Levitsky, A., Liang, Y., Lin, J.J., Lobo, N.F., Lopez,
J.R., Malek, J.A., McIntosh, T.C., Meister, S., Miller, J., Mobarry, C., Mongin, E.,
Murphy, S.D., O’Brochta, D.A., Pfannkoch, C., Qi, R., Regier, M.A., Remington, K.,
Shao, H., Sharakhova, M.V., Sitter, C.D., Shetty, J., Smith, T.J., Strong, R., Sun, J.,
Thomasova, D., Ton, L.Q., Topalis, P., Tu, Z., Unger, M.F., Walenz, B., Wang, A.,

Wang, J., Wang, M., Wang, X., Woodford, K.J., Wortman, J.R., Wu, M., Yao, A.,
Zdobnov, E.M., Zhang, H., Zhao, Q., et al., 2002. The genome sequence of the
malaria mosquito Anopheles gambiae. Science 298, 129–149.
Huszar, T., Imler, J.-L., 2008. Drosophila viruses and the study of antiviral hostdefense. Advances in Virus Research 72, 227–265.
ICTV, 2011. Virus Taxonomy: Classiﬁcation and Nomenclature of Viruses: Ninth
Report of the International Committee on Taxonomy of Viruses. Elsevier
Academic Press, San Diego.
Irving, P., Troxler, L., Heuer, T.S., Belvin, M., Kopczynski, C., Reichhart, J.M.,
Hoffmann, J.A., Hetru, C., 2001. A genome-wide analysis of immune responses
in Drosophila. Proceedings of the National Academy of Sciences United States of
America 98, 15119–15124.
Iwasaki, S., Kobayashi, M., Yoda, M., Sakaguchi, Y., Katsuma, S., Suzuki, T., Tomari, Y.,
2010. Hsc70/Hsp90 Chaperone Machinery Mediates ATP-dependent RISC
loading of small RNA duplexes. Molecular Cell 39, 292–299.
Jones, K.E., Patel, N.G., Levy, M.A., Storeygard, A., Balk, D., Gittleman, J.L., Daszak, P.,
2008. Global trends in emerging infectious diseases. Nature 451, 990–993.
Kambris, Z., Cook, P.E., Phuc, H.K., Sinkins, S.P., 2009. Immune activation by lifeshortening Wolbachia and reduced ﬁlarial competence in mosquitoes. Science
326, 134–136.
Kane, M., Case, L.K., Kopaskie, K., Kozlova, A., MacDearmid, C., Chervonsky, V.,
Golovkina, T.V., 2011. Successful Transmission of a Retrovirus depends on the
commensal microbiota. Science 334, 245–249.
Kaneko, T., Yano, T., Aggarwal, K., Lim, J.-H., Ueda, K., Oshima, Y., Peach, C., ErturkHasdemir, D., Goldman, W.E., Oh, B.-H., Kurata, S., Silverman, N., 2006. PGRP-LC
and PGRP-LE have essential yet distinct functions in the Drosophila immune
response to monomeric DAP-type peptidoglycan. Nature Immunology 7, 715–
723.
Karst, S.M., Wobus, C.E., Lay, M., Davidson, J., Virgin, H.W., 2003. STAT1-dependent
innate immunity to a Norwalk-like virus. Science 299, 1575–1578.
Kawai, T., Akira, S., 2006. Innate immune recognition of viral infection. Nature
Immunology 7, 131–137.
Kawai, T., Akira, S., 2010. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nature Immunology 11, 373–384.
Keene, K.M., Foy, B.D., Sanchez-Vargas, I., Beaty, B.J., Blair, C.D., Olson, K.E., 2004.
RNA interference acts as a natural antiviral response to O’nyong-nyong virus
(alphavirus; Togaviridae) infection of Anopheles gambiae. Proceedings of the
National Academy of Sciences United States of America 101, 17240–17245.
Kemp, C., Imler, J.-L., 2009. Antiviral immunity in Drosophila. Current Opinion in
Immunology 21, 3–9.
Kilpatrick, A.M., 2011. Globalization, land use, and the invasion of West Nile virus.
Science 334, 323–327.
Kirkegaard, K., 2009. Subversion of the cellular autophagy pathway by viruses.
Current Topics in Microbiology and Immunology 335, 323–333.
Kuno, G., Chang, G.J., 2005. Biological transmission of arboviruses: reexamination of
and new insights into components, mechanisms, and unique traits as well as
their evolutionary trends. Clinical Microbiology Reviews 18, 608–637.
Kurtz, J., 2005. Speciﬁc memory within innate immune systems. Trends in
Immunology 26, 186–192.
Kuss, S.K., Best, G.T., Etheredge, C., Pruijssers, J., Frierson, J.M., Hooper, L.V.,
Dermody, T.S., Pfeiffer, J.K., 2011. Intestinal microbiota promote Enteric virus
replication and systemic pathogenesis. Science 334, 249–252.
La Ruche, G., Souares, Y., Armengaud, A., Peloux-Petiot, F., Delaunay, P., Despres, P.,
Lenglet, A., Jourdain, F., Leparc-Goffart, I., Charlet, F., Ollier, L., Mantey, K.,
Mollet, T., Fournier, J.P., Torrents, R., Leitmeyer, K., Hilairet, P., Zeller, H., Van
Bortel, W., Dejour-Salamanca, D., Grandadam, M., Gastellu-Etchegorry, M.,
2010. First two autochthonous dengue virus infections in metropolitan France,
September 2010. Eurosurveillance Weekly 15, 19676.
Lambrechts, L., Scott, T.W., 2009. Mode of transmission and the evolution of
arbovirus virulence in mosquito vectors. Proceedings of the National Academy
of Sciences 276, 1369–1378.
Lee, K.-Z., Ferrandon, D., 2011. Negative regulation of immune responses on the ﬂy.
EMBO Journal 30, 988–990.
Lemaitre, B., Hoffmann, J., 2007. The host defense of Drosophila melanogaster.
Annual Review of Immunology 25, 697–743.
Lemaitre, B., Meister, M., Govind, S., Georgel, P., Steward, R., Reichhart, J.M.,
Hoffmann, J., 1995. Functional analysis and regulation of nuclear import of
dorsal during the immune response in Drosophila. EMBO Journal 14, 536–545.
Lemaitre, B., Reichhart, J.M., Hoffmann, J., 1997. Drosophila host defense: differential
induction of antimicrobial peptide genes after infection by various classes of
microorganisms. Proceedings of the National Academy of Sciences United States
of America 94, 14614–14619.
Leulier, F., Royet, J., 2009. Maintaining immune homeostasis in ﬂy gut. Nature
Immunology 10, 936–938.
Lhocine, N., Ribeiro, P.S., Buchon, N., Wepf, A., Wilson, R., Tenev, T., Lemaitre, B.,
Gstaiger, M., Meier, P., Leulier, F., 2008. PIMS modulates immune tolerance by
negatively regulating Drosophila innate immune signaling. Cell Host and
Microbe 4, 147–158.
Lin, M., Rikihisa, Y., 2003. Ehrlichia chaffeensis and Anaplasma phagocytophilum lack
genes for lipid A biosynthesis and incorporate cholesterol for their survival.
Infection and Immunity 71, 5324–5331.
Lu, Y.E., Cassese, T., Kielian, M., 1999. The cholesterol requirement for sindbis virus
entry and exit and characterization of a spike protein region involved in
cholesterol dependence. Journal of Virology 73, 4272–4278.
Luo, H., Dearolf, C.R., 2001. The JAK/STAT pathway and Drosophila development.
BioEssays 23, 1138–1147.

Please cite this article in press as: Merkling, S.H., van Rij, R.P. Beyond RNAi: Antiviral defense strategies in Drosophila and mosquito. Journal of Insect Physiology (2012), http://dx.doi.org/10.1016/j.jinsphys.2012.07.004

S.H. Merkling, R.P. van Rij / Journal of Insect Physiology xxx (2012) xxx–xxx
Luplertlop, N., Surasombatpattana, P., Patramool, S., Dumas, E., Wasinpiyamongkol,
L., Saune, L., Hamel, R., Bernard, E., Sereno, D., Thomas, F., Piquemal, D., Yssel, H.,
Briant, L., Missé, D., 2011. Induction of a peptide with activity against a Broad
spectrum of pathogens in the Aedes aegypti salivary gland, following infection
with Dengue Virus. PLoS Pathogens 7, e1001252.
Mackenzie, J.M., Khromykh, A.A., Parton, R.G., 2007. Cholesterol manipulation by
West Nile virus perturbs the cellular immune response. Cell Host and Microbe
2, 229–239.
Matzinger, P., 2002. The danger model: a renewed sense of self. Science 296, 301–
305.
McMeniman, C.J., Lane, R.V., Cass, B.N., Fong, A.W., Sidhu, M., Wang, Y.F., O’Neill, S.L.,
2009. Stable introduction of a life-shortening Wolbachia infection into the
mosquito Aedes aegypti. Science 323, 141–144.
Medzhitov, R., Schneider, D.S., Soares, M.P., 2012. Disease tolerance as a defense
strategy. Science 335, 936–941.
Morazzani, E.M., Wiley, M.R., Murreddu, M.G., Adelman, Z.N., Myles, K.M., 2012.
Production of virus-derived ping-pong-dependent piRNA-like small RNAs in the
mosquito soma. PLoS Pathogens 8, e1002470.
Moreira, L.A., Iturbe-Ormaetxe, I., Jeffery, J.A., Lu, G., Pyke, A.T., Hedges, L.M., Rocha,
B.C., Hall-Mendelin, S., Day, A., Riegler, M., Hugo, L.E., Johnson, K.N., Kay, B.H.,
McGraw, E.A., van den Hurk, A.F., Ryan, P.A., O’Neill, S.L., 2009. A Wolbachia
symbiont in Aedes aegypti limits infection with dengue, Chikungunya, and
Plasmodium. Cell 139, 1268–1278.
Nakamoto, M., Moy, R.H., Xu, J., Bambina, S., Yasunaga, A., Shelly, S.S., Gold, B.,
Cherry, S., 2012. Virus Recognition by Toll-7 Activates Antiviral Autophagy in
Drosophila. Immunity 36, 658–667.
Nene, V., Wortman, J.R., Lawson, D., Haas, B., Kodira, C., Tu, Z.J., Loftus, B., Xi, Z.,
Megy, K., Grabherr, M., Ren, Q., Zdobnov, E.M., Lobo, N.F., Campbell, K.S., Brown,
S.E., Bonaldo, M.F., Zhu, J., Sinkins, S.P., Hogenkamp, D.G., Amedeo, P.,
Arensburger, P., Atkinson, P.W., Bidwel, S., Biedler, J., Birney, E., Bruggner, R.V.,
Costas, J., Coy, M.R., Crabtree, J., Crawford, M., Debruyn, B., Decaprio, D.,
Eiglmeier, K., Eisenstadt, E., El-Dorry, H., Gelbart, W.M., Gomes, S.L., Hammond,
M., Hannick, L.I., Hogan, J.R., Holmes, M.H., Jaffe, D., Johnston, J.S., Kennedy, R.C.,
Koo, H., Kravitz, S., Kriventseva, E.V., Kulp, D., Labutti, K., Lee, E., Li, S., Lovin,
D.D., Mao, C., Mauceli, E., Menck, C.F., Miller, J.R., Montgomery, P., Mori, A.,
Nascimento, A.L., Naveira, H.F., Nusbaum, C., O’Leary, S., Orvis, J., Pertea, M.,
Quesneville, H., Reidenbach, K.R., Rogers, Y.H., Roth, C.W., Schneider, J.R., Schatz,
M., Shumway, M., Stanke, M., Stinson, E.O., Tubio, J.M., Vanzee, J.P., VerjovskiAlmeida, S., Werner, D., White, O., Wyder, S., Zeng, Q., Zhao, Q., Zhao, Y., Hill,
C.A., Raikhel, A.S., Soares, M.B., Knudson, D.L., Lee, N.H., Galagan, J., Salzberg, S.L.,
Paulsen, I.T., Dimopoulos, G., Collins, F.H., Birren, B., Fraser-Liggett, C.M.,
Severson, D.W., 2007. Genome sequence of Aedes aegypti, a major arbovirus
vector. Science 316, 1718–1723.
Netea, M.G., Quintin, J., van der Meer, J.W.M., 2011. Trained immunity: a memory
for innate host defense. Cell Host and Microbe 9, 355–361.
Nezis, I.P., Simonsen, A., Sagona, A.P., Finley, K., Gaumer, S., Contamine, D., Rusten,
T.E., Stenmark, H., Brech, A., 2008. Ref(2)P, the Drosophila melanogaster
homologue of mammalian p62, is required for the formation of protein
aggregates in adult brain. Journal of Cell Biology 180, 1065–1071.
Osborne, S.E., Leong, Y.S., O’Neill, S.L., Johnson, K.N., 2009. Variation in antiviral
protection mediated by different Wolbachia strains in Drosophila simulans. PLoS
Pathogens 5, e1000656.
Pan, X., Zhou, G., Wu, J., Bian, G., Lu, P., Raikhel, A.S., Xi, Z., 2011. Wolbachia induces
reactive oxygen species (ROS)-dependent activation of the Toll pathway to
control dengue virus in the mosquito Aedes aegypti. Proceedings of the National
Academy of Sciences of the United States of America 109, E23–31.
Patel, R.K., Hardy, R.W., 2012. Role for the phosphatidylinositol 3-kinase-Akt-TOR
pathway during sindbis virus replication in arthropods. Journal of Virology 86,
3595–3604.
Peries, J., Printz, P., Canivet, M., Chuat, J.C., 1966. Multiplication of vesicular
stomatitis virus in Drosophila melanogaster. Comptes Rendus Hebdomadaires
des Séances de l’Académie des Science D 262, 2106–2107.
Plus, N., Croizier, G., Jousset, F.X., David, J., 1975. Picornaviruses of laboratory and
wild Drosophila melanogaster: geographical distribution and serotypic
composition. Annual Microbiology (Paris) 126, 107–117.
Ramirez, J.L., Souza-Neto, J., Torres Cosme, R., Rovira, J., Ortiz, A., Pascale, J.M.,
Dimopoulos, G., 2012. Reciprocal tripartite interactions between the Aedes
aegypti midgut microbiota, innate immune system and Dengue Virus inﬂuences
vector competence. PLoS Neglected Tropical Diseases 6, e1561.
Rancès, E., Ye, Y.H., Woolﬁt, M., McGraw, E., O’Neill, S.L., 2012. The Relative
importance of innate immune priming in Wolbachia-mediated dengue
interference. PLoS Pathogens 8, e1002548.
Randall, R.E., Goodbourn, S., 2008. Interferons and viruses: an interplay between
induction, signalling, antiviral responses and virus countermeasures. Journal of
General Virology 89, 1–47.
Reinganum, C., Scotti, P.D., 1976. Serological relations between twelve small RNA
viruses of insects. Journal of General Virology 31, 131–134.
Rivero, A., Vézilier, J., Weill, M., Read, A.F., Gandon, S., 2010. Insecticide control of
vector-borne diseases: when is insecticide resistance a problem? PLoS
Pathogens 6, e1001000.
Rodrigues, J., Brayner, F.b., Alves, L.C., Dixit, R., Barillas-Mury, C., 2010. Hemocyte
differentiation mediates innate immune memory in Anopheles gambiae
mosquitoes. Science 329, 1353–1355.
Ryu, J.-H., Kim, S.-H., Lee, H.-Y., Bai, J.Y., Nam, Y.-D., Bae, J.-W., Lee, D.G., Shin, S.C.,
Ha, E.-M., Lee, W.-J., 2008. Innate immune homeostasis by the homeobox gene
caudal and commensal-gut mutualism in Drosophila. Science 319, 777–782.

11

Sabatier, L., Jouanguy, E., Dostert, C., Zachary, D., Dimarcq, J.-L., Bulet, P., Imler, J.-L.,
2003. Pherokine-2 and -3. Two Drosophila molecules related to pheromone/
odor-binding proteins induced by viral and bacterial infections. European
Journal of Biochemistry 270, 3398–3407.
Saleh, M.-C., Tassetto, M., van Rij, R.P., Goic, B., Gausson, V.R., Berry, B., Jacquier, C.,
Antoniewski, C., Andino, R., 2009. Antiviral immunity in Drosophila requires
systemic RNA interference spread. Nature 458, 346–350.
Sanchez-Vargas, I., Scott, J.C., Poole-Smith, B.K., Franz, A.W., Barbosa-Solomieu, V.,
Wilusz, J., Olson, K.E., Blair, C.D., 2009. Dengue virus type 2 infections of Aedes
aegypti are modulated by the mosquito’s RNA interference pathway. PLoS
Pathogens 5, e1000299.
Sanders, H.R., Foy, B.D., Evans, A.M., Ross, L.S., Beaty, B.J., Olson, K.E., Gill, S.S., 2005.
Sindbis virus induces transport processes and alters expression of innate
immunity pathway genes in the midgut of the disease vector, Aedes aegypti.
Insect Biochemistry and Molecular Biology 35, 1293–1307.
Santoro, M.G., Amici, C., Rossi, A., 2010. Role of heat shock proteins in viral infection.
In: Pockley, A.G., Calderwood, S.K., Santoro, M.G. (Eds.), Prokaryotic and
Eukaryotic Heat Shock Proteins in Infectious Disease, Springer, Dordrecht, the
Netherlands. pp. 51–84.
Schuffenecker, I., Iteman, I., Michault, A., Murri, S., Frangeul, L., Vaney, M.C., Lavenir,
R., Pardigon, N., Reynes, J.M., Pettinelli, F., Biscornet, L., Diancourt, L., Michel, S.,
Duquerroy, S., Guigon, G., Frenkiel, M.P., Brehin, A.C., Cubito, N., Despres, P.,
Kunst, F., Rey, F.A., Zeller, H., Brisse, S., 2006. Genome microevolution of
chikungunya viruses causing the Indian Ocean outbreak. PLoS Medicine 3, e263.
Seay, M., Hayward, A.P., Tsao, J., Dinesh-Kumar, S.P., 2009. Something old,
something new: plant innate immunity and autophagy. Current Topics in
Microbiology and Immunology 335, 287–306.
Serbus, L.R., Casper-Lindley, C., Landmann, F., Sullivan, W., 2008. The genetics and
cell biology of Wolbachia-host interactions. Annual Review of Genetics 42, 683–
707.
Sharon, G., Segal, D., Ringo, J.M., Hefetz, A., Zilber-Rosenberg, I., Rosenberg, E., 2010.
Commensal bacteria play a role in mating preference of D. melanogaster.
Proceedings of the National Academy of Sciences United States of America 107,
20051–20056.
Shelly, S., Lukinova, N., Bambina, S., Berman, A., Cherry, S., 2009. Autophagy is an
essential component of Drosophila immunity against vesicular stomatitis virus.
Immunity 30, 588–598.
Shin, S.C., Kim, S.H., You, H., Kim, B., Kim, C., Lee, K., Yoon, J.H., Ryu, J.H., Lee, W.J.,
2011. Drosophila microbiome modulates host developmental and metabolic
homeostasis via insulin signaling. Science 334, 670–674.
Shin, S.W., Kokoza, V., Bian, G., Cheon, H.M., Kim, Y.J., Raikhel, A.S., 2005. Rel1, a
homologue of Drosophila dorsal, regulates toll antifungal immune pathway in
the female mosquito Aedes aegypti. Journal of Biological Chemistry 280, 16499–
16507.
Sim, C., Hong, Y.S., Tsetsarkin, K.A., Vanlandingham, D.L., Higgs, S., Collins, F.H.,
2007. Anopheles gambiae heat shock protein cognate 70B impedes O’nyongnyong virus replication. BMC Genomics 8, 231.
Sim, C., Hong, Y.S., Vanlandingham, D.L., Harker, B.W., Christophides, G.K., Kafatos,
F.C., Higgs, S., Collins, F.H., 2005. Modulation of Anopheles gambiae gene
expression in response to O’nyong-nyong virus infection. Insect Molecular
Biology 14, 475–481.
Sim, S., Dimopoulos, G., 2010. Dengue virus inhibits immune responses in Aedes
aegypti cells. PLoS ONE 5, e10678.
Simon, A., Kullberg, B.J., Tripet, B., Boerman, O.C., Zeeuwen, P., van der VenJongekrijg, J., Verweij, P., Schalkwijk, J., Hodges, R., van der Meer, J.W., Netea,
M.G., 2008. Drosomycin-like defensin, a human homologue of D. melanogaster
drosomycin with antifungal activity. Antimicrobial Agents and Chemotherapy
52, 1407–1412.
Smartt, C.T., Richards, S.L., Anderson, S.L., Erickson, J.S., 2009. West Nile virus
infection alters midgut gene expression in Culex pipiens quinquefasciatus Say
(Diptera: Culicidae). American Journal of Tropical Medicine and Hygiene 81,
258–263.
Souza-Neto, J., Sim, S., Dimopoulos, G., 2009. An evolutionary conserved function of
the JAK-STAT pathway in anti-dengue defense. Proceedings of the National
Academy of Sciences United States of America 106, 17841–17846.
Storelli, G., Defaye, A., Erkosar, B., Hols, P., Royet, J., Leulier, F., 2011. Lactobacillus
plantarum promotes Drosophila systemic growth by modulating hormonal
signals through TOR-dependent nutrient sensing. Cell Metabolism 14, 403–414.
Taillebourg, E., Gregoire, I., Viargues, P., Jacomin, A.C., Thevenon, D., Faure, M.,
Fauvarque, M.O., 2012. The deubiquitinating enzyme USP36 controls selective
autophagy activation by ubiquitinated proteins. Autophagy 8.
Teixeira, L.S., Ferreira, A., Ashburner, M., 2008. The bacterial symbiont Wolbachia
induces resistance to RNA viral infections in Drosophila melanogaster. PLoS
Biology 6, e2.
Teninges, D., Ohanessian, A., Richard-Molard, C., Contamine, D., 1979. Isolation and
biological properties of Drosophila X Virus. Journal of General Virology 42, 241–
254.
Thoetkiattikul, H., 2005. Inhibitor B-like proteins from a polydnavirus inhibit NF-B
activation and suppress the insect immune response. Proceedings of the
National Academy of Sciences 102, 11426–11431.
Tsai, C.W., McGraw, E.A., Ammar, E.D., Dietzgen, R.G., Hogenhout, S.A., 2008. D.
melanogaster mounts a unique immune response to the Rhabdovirus sigma
virus. Applied and Environment Microbiology 74, 3251–3256.
Unckless, R.L., 2011. A DNA virus of Drosophila. PLoS ONE 6, e26564.
van Mierlo, J.T., van Cleef, K.W., van Rij, R.P., 2010. Small Silencing RNAs: Piecing
Together a Viral Genome. Cell Host and Microbe 7, 87–89.

Please cite this article in press as: Merkling, S.H., van Rij, R.P. Beyond RNAi: Antiviral defense strategies in Drosophila and mosquito. Journal of Insect Physiology (2012), http://dx.doi.org/10.1016/j.jinsphys.2012.07.004

12

S.H. Merkling, R.P. van Rij / Journal of Insect Physiology xxx (2012) xxx–xxx

van Rij, R.P., Berezikov, E., 2009. Small RNAs and the control of transposons and
viruses in Drosophila. Trends in Microbiology 17, 163–171.
Vodovar, N., Bronkhorst, A.W., van Cleef, K.W., Miesen, P., Blanc, H., van Rij, R.P.,
Saleh, M.C., 2012. Arbovirus-derived piRNAs exhibit a ping-pong signature in
mosquito cells. PLoS ONE 7, e30861.
Waldock, J., Olson, K.E., Christophides, G.K., 2012. Anopheles gambiae antiviral
immune response to systemic O’nyong-nyong infection. PLoS Neglected
Tropical Diseases 6, e1565.
Walker, T., Johnson, P.H., Moreira, L.A., Iturbe-Ormaetxe, I., Frentiu, F.D.,
McMeniman, C.J., Leong, Y.S., Dong, Y., Axford, J., Kriesner, P., Lloyd, A.L.,
Ritchie, S.A., O’Neill, S.L., Hoffmann, A.A., 2011. The wMel Wolbachia strain
blocks dengue and invades caged Aedes aegypti populations. Nature 476, 450–
453.
Wang, X.H., Aliyari, R., Li, W.X., Li, H.W., Kim, K., Carthew, R., Atkinson, P., Ding, S.W.
2006. RNA Interference directs innate immunity against viruses in adult
Drosophila. Science (New York, NY) 312, 452–454.
Waterhouse, R.M., Kriventseva, E.V., Meister, S., Xi, Z., Alvarez, K.S., Bartholomay,
L.C., Barillas-Mury, C., Bian, G., Blandin, S., Christensen, B.M., Dong, Y., Jiang, H.,
Kanost, M.R., Koutsos, A.C., Levashina, E.A., Li, J., Ligoxygakis, P., Maccallum,
R.M., Mayhew, G.F., Mendes, A., Michel, K., Osta, M.A., Paskewitz, S., Shin, S.W.,
Vlachou, D., Wang, L., Wei, W., Zheng, L., Zou, Z., Severson, D.W., Raikhel, A.S.,
Kafatos, F.C., Dimopoulos, G., Zdobnov, E.M., Christophides, G.K., 2007.
Evolutionary dynamics of immune-related genes and pathways in diseasevector mosquitoes. Science 316, 1738–1743.
Watson, F.L., Puttmann-Holgado, R., Thomas, F., Lamar, D.L., Hughes, M., Kondo, M.,
Rebel, V.I., Schmucker, D., 2005. Extensive diversity of Ig-superfamily proteins
in the immune system of insects. Science 309, 1874–1878.
Weaver, S.C., Reisen, W.K., 2010. Present and future arboviral threats. Antiviral
Research 85, 328–345.
Weber, F., Wagner, V., Rasmussen, S.B., Hartmann, R., Paludan, S.R., 2006. Doublestranded RNA is produced by positive-strand RNA Viruses and DNA Viruses but
not in detectable amounts by negative-strand RNA Viruses. Journal of Virology
80, 5059–5064.
Weiss, B.L., Wang, J., Aksoy, S., 2011. Tsetse immune system maturation requires the
presence of obligate symbionts in larvae. PLoS Biology 9, e1000619.

Werren, J.H., Baldo, L., Clark, M.E., 2008. Wolbachia: master manipulators of
invertebrate biology. Nature Reviews Microbiology 6, 741–751.
WHO, 2009. Dengue Guidelines for Diagnosis, Treatment, Prevention and Control
WHO press, Geneva, Switzerland.
Wong, Z.S., Hedges, L.M., Brownlie, J.C., Johnson, K.N., 2011. Wolbachia-mediated
antibacterial protection and immune gene regulation in Drosophila. PLoS ONE 6,
e25430.
Wu, M., Sun, L.V., Vamathevan, J., Riegler, M., Deboy, R., Brownlie, J.C., McGraw, E.A.,
Martin, W., Esser, C., Ahmadinejad, N., Wiegand, C., Madupu, R., Beanan, M.J.,
Brinkac, L.M., Daugherty, S.C., Durkin, A.S., Kolonay, J.F., Nelson, W.C.,
Mohamoud, Y., Lee, P., Berry, K., Young, M.B., Utterback, T., Weidman, J.,
Nierman, W.C., Paulsen, I.T., Nelson, K.E., Tettelin, H., O’Neill, S.L., Eisen, J.A.,
2004. Phylogenomics of the reproductive parasite Wolbachia pipientis WMel: a
streamlined genome overrun by mobile genetic elements. PLoS Biology 2, E69.
Wu, Q., Luo, Y., Lu, R., Lau, N., Lai, E.C., Li, W.X., Ding, S.W., 2010. Virus discovery by
deep sequencing and assembly of virus-derived small silencing RNAs.
Proceedings of the National Academy of Sciences United States of America
107, 1606–1611.
Wu, S.C., Liao, C.W., Pan, R.L., Juang, J.L., 2012. Infection-induced intestinal oxidative
stress triggers organ-to-organ immunological communication in Drosophila.
Cell Host and Microbe 11, 410–417.
Xi, Z., Ramirez, J.L., Dimopoulos, G., 2008. The Aedes aegypti toll pathway controls
dengue virus infection. PLoS Pathogens 4, e1000098.
Yordy, B., Iwasaki, A., 2011. Autophagy in the control and pathogenesis of viral
infection. Current Opinion Virology 1, 196–203.
Zaidman-Remy, A., Herve, M., Poidevin, M., Pili-Floury, S., Kim, M.S., Blanot, D., Oh,
B.H., Ueda, R., Mengin-Lecreulx, D., Lemaitre, B., 2006. The Drosophila amidase
PGRP-LB modulates the immune response to bacterial infection. Immunity 24,
463–473.
Zambon, R., Nandakumar, M., Vakharia, V.N., Wu, L.P., 2005. The toll pathway is
important for an antiviral response in Drosophila. Proceedings of the National
Academy of Sciences United States of America 102, 7257–7262.
Zeidler, M.P., Bach, E.A., Perrimon, N., 2000. The roles of the Drosophila JAK/STAT
pathway. Oncogene 19, 2598–2606.

Please cite this article in press as: Merkling, S.H., van Rij, R.P. Beyond RNAi: Antiviral defense strategies in Drosophila and mosquito. Journal of Insect Physiology (2012), http://dx.doi.org/10.1016/j.jinsphys.2012.07.004

