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Abstract
Innate immunity is highly conserved and relies on pattern recognition receptors (PRRs) such as
Toll-like receptors (identified through their homology to Drosophila Toll) for pathogen
recognition. While Drosophila Toll is vital for immune recognition and defense, roles for the other
eight Drosophila Tolls in immunity have remained elusive. Here we have shown that Toll-7 is a
PRR both in vitro and in adult flies; loss of Toll-7 led to increased Vesicular Stomatitis virus
(VSV) replication and mortality. Toll-7, along with additional uncharacterized Drosophila Tolls,
were transcriptionally induced by VSV infection. Furthermore, Toll-7 interacted with VSV at the
plasma membrane and induced antiviral autophagy independently of the canonical Toll signaling
pathway. These data uncover an evolutionarily conserved role for a second Drosophila Toll
receptor that links viral recognition to autophagy and defense, and suggest that other Drosophila
Tolls may restrict specific as yet untested pathogens, perhaps via non-canonical signaling
pathways.

INTRODUCTION
Detection and clearance of viruses by the innate immune system involves several distinct
and essential pathways that are evolutionarily conserved (Janeway and Medzhitov, 2002).
These pathways rely on pattern recognition receptors (PRRs) to recognize pathogen-
associated molecular patterns (PAMPs), molecular signatures shared by wide classes of
invading organisms, and induce an appropriate effector response to clear the infection. One
important class of PRRs are the Toll-like receptors (TLRs), which were first identified in
Drosophila through their homology to Toll, and are now recognized as the canonical
pathogen recognition system in all metazoans (Uematsu and Akira, 2006).

Drosophila encodes nine Toll receptors (Bilak et al., 2003). The first to be identified, Toll, is
the upstream receptor for the Toll pathway, which is the main defense against Gram-positive
bacterial and fungal infections and is conserved in many insects (Cerenius et al., 2010;
Lemaitre and Hoffmann, 2007; Lemaitre et al., 1996). These microbes are sensed by a
variety of recognition molecules that activate a proteolytic cascade converging on the
activation of spätzle, a cytokine that binds to Toll thereby inducing an NF-kB-dependent

© 2012 Elsevier Inc. All rights reserved.

Corresponding author: Sara Cherry, Department of Microbiology, University of Pennsylvania School of Medicine, Philadelphia, PA
19104. Tel: 215-746-2384; Fax 215-746-6697; cherrys@mail.med.upenn.edu.
*equal contribution

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Immunity. Author manuscript; available in PMC 2013 April 20.

Published in final edited form as:
Immunity. 2012 April 20; 36(4): 658–667. doi:10.1016/j.immuni.2012.03.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transcriptional program for antimicrobial defense. Surprisingly, a role for the additional
eight Drosophila Toll homologues in innate immune defense has yet to be established.
Toll-2 (18-wheeler) may have a minor role in the antibacterial response (Ligoxygakis et al.,
2002; Williams et al., 1997), and Toll-5 (Tehao) and Toll-9 can activate the expression of
the antifungal gene Drosomycin (Bilak et al., 2003; Luo et al., 2001; Ooi et al., 2002;
Tauszig et al., 2000). However, these receptors have not been implicated as essential
components of the immune response or in the recognition of any pathogen (Narbonne-
Reveau et al., 2011; Yagi et al., 2010).

In contrast to Drosophila, studies have quickly identified a role for the 10 human TLRs in
immunity. Mutants in the TLRs are more susceptible to infection, and the PAMPs
recognized by TLRs have been well-characterized. Viral nucleic acids are recognized via
endolysosomal TLRs (TLRs 3,7,8,9) while viral glycoproteins can be recognized by TLRs
present on the cell surface (e.g. TLR4) (Akira et al., 2006; Kawai and Akira, 2006). Unlike
the indirect recognition of microbes by Toll, the mammalian TLRs generally bind microbial
PAMPs directly to activate innate immune effectors (Jin and Lee, 2008).

One such effector pathway is autophagy, which can be induced by TLR signaling, although
its in vivo significance is unknown (Delgado et al., 2009; Xu and Eissa, 2010). Autophagy is
an ancient and conserved pathway that degrades intracellular components and can restrict a
variety of intracellular pathogens, including viruses (Deretic and Levine, 2009; Lee et al.,
2007; Levine et al., 2011; McPhee and Baehrecke, 2009). In Drosophila, autophagy is
triggered upon recognition of the Vesicular Stomatitis virus (VSV) glycoprotein, VSV-G,
and this pathway is essential for antiviral defense in adult flies (Shelly et al., 2009). The
response can be activated by viral recognition independently of viral replication, and thus
we hypothesized that VSV might be recognized by a Drosophila PRR controlling antiviral
autophagy. As the TLRs are known PRRs and VSV-G was previously shown to induce
TLR4 signaling in mammalian cells (Georgel et al., 2007), we reasoned that one of the nine
Drosophila Tolls could be the PRR linking viral recognition to this innate immune response.
By screening mutants in the nine Drosophila Tolls both in cells and adult flies, we found that
VSV was recognized by Toll-7, which restricted viral replication and thereby protected flies
from an otherwise lethal infection. Toll-7 interacted with VSV virions at the plasma
membrane, and this recognition was required for the induction of antiviral autophagy.
Together, these data demonstrate that pathogen recognition by Drosophila Tolls may be
more similar than previously assumed to the mammalian systems and that there may be
unknown roles for the additional Tolls in antiviral defense.

RESULTS
Toll-7 restricts VSV infection in cultured cells

To determine whether any of the Drosophila Tolls are involved in antiviral defense against
VSV, we generated double-stranded RNA (dsRNA) against each of the nine Toll receptors
and depleted them in Drosophila S2 cells using RNA interference (RNAi). Efficient
silencing for each Toll receptor was confirmed by reverse transcriptase-polymerase chain
reaction (RT-PCR) (Supplementary Figure 1). Next, we challenged RNAi-treated cells with
VSV-GFP and subsequently analyzed the infection using fluorescence microscopy and
automated image analysis. We observed an increase in the percentage of infected cells upon
silencing of Toll-7 and Toll-2 but not other Tolls (Figure 1A, B). This increase was similar
to that observed upon silencing of Atg8, an essential autophagy protein. Immunoblot
analysis further confirmed that there was an elevation in the amount of GFP production in
cells depleted of Toll-7 or Toll-2 but not other Toll receptors (Figure 1C, not shown).
Interestingly, Toll-7 and Toll-2 are highly similar, showing 61% identity and 74% similarity,
and are located in close chromosomal proximity (250kb apart). Taken together, our data

Nakamoto et al. Page 2

Immunity. Author manuscript; available in PMC 2013 April 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



suggest that Toll-7 and Toll-2 might represent a gene duplication and play a similar antiviral
role in vivo (Yagi et al., 2010).

Toll-7 is essential for antiviral defense in adult flies
As Drosophila Toll-7 and Toll-2 were antiviral in vitro, we next investigated whether these
receptors or any of the other Tolls play similar innate antiviral roles in the adult organism.
Using in vivo RNAi, we screened these genes to determine whether loss of any of these
factors had an effect on VSV replication. Toll receptor-depleted flies were generated by
driving expression of transgenes bearing long hairpin double-stranded RNA constructs
targeting each Toll gene. For Toll (Tl) and Toll-4 through Toll-9, we crossed control and
transgenic flies to a strong ubiquitous driver, Actin-GAL4, to constitutively express the
transgene. Because the Toll-2 (18w) and Toll-3 (Mstprox) transgenes were lethal when
driven ubiquitously during development, we crossed them to Heat-shock-GAL4 to allow for
inducible transgene expression. Once again, silencing of each Toll was confirmed, although
we were unable to detect Toll-3 and Toll-4 expression (Supplementary Figure 2A). Silenced
flies along with their sibling controls were challenged with VSV and monitored for changes
in viral infection at day 6 post infection. Only the loss of Toll-7 had a significant effect on
VSV infection and led to an increase in viral RNA production (Figure 2A). Furthermore,
increased viral replication upon Toll-7 depletion was also observed at day 9 post infection
(Figure 2B). To validate the Toll-7 phenotype, we challenged a second independent
transgenic RNAi line and similarly found that silencing of Toll-7 resulted in increased VSV
replication as measured by Northern blot at day 6, as well as at later time points
(Supplementary Figure 2B, C). Finally, adult flies expressing heat shock-driven Toll-7
dsRNA exhibited increased viral replication, suggesting that the susceptibility of Toll-7
depleted flies to VSV infection is not due to developmental defects (Supplementary Figure
2D).

Because RNAi-mediated silencing is incomplete and Toll-2 was antiviral in cell culture
(Figure 1), we tested whether previously characterized Toll-2 mutant flies
(18wΔ7–35/Df(2R)017) were more susceptible to VSV infection (Ligoxygakis et al., 2002). In
contrast to our in vitro results, Toll-2 was dispensable for defense against VSV in adult flies
(Supplementary Figure 2E). Taken together, these data suggest that Toll-7 but not Toll-2 is
an essential component of the antiviral arsenal in both cells and adult flies.

Next, we evaluated whether Toll-7 depletion alters the susceptibility of flies to VSV
infection. Depletion of Toll-7 had no effect on the lifespan of adult flies (Figure 2C). We
challenged control (+> UAS-Toll-7 IR) or Toll-7 depleted flies (Actin-GAL4> UAS-Toll-7
IR) with VSV and found that while the control flies were viable, the Toll-7 depleted flies
succumbed to infection (Figure 2C). Thus, Toll-7 depletion in adult flies promotes increased
viral replication, leading to mortality from an otherwise non-lethal infection.

Although silenced flies exhibited decreased Toll-7 mRNA expression, RNAi carries
potential caveats such as driver overexpression and off-target silencing. To address these
concerns, we obtained a recently reported Toll-7 mutant fly line harboring a deletion in the
Toll-7 coding region (Toll-7g1–5) (Yagi et al., 2010). These flies were crossed to a
deficiency strain to generate flies lacking Toll-7 expression, and we confirmed the deletion
at the DNA level by genotyping and the RNA level by RT-PCR (Supplementary Figure 2F–
H). Toll-7 mutants and control flies were infected with VSV, and consistent with the in vivo
RNAi results, the Toll-7 mutants demonstrated significantly elevated viral replication
(Figure 2D, E; Supplementary Figure 2I). This increased viral RNA load correlated with
decreased survival of the Toll-7 mutants after infection (Figure 2F). Collectively, these data
further verify Toll-7 as a critical antiviral factor against VSV in vivo.
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VSV infection induces Toll-7 expression but not other canonical signaling pathways
Drosophila has evolved multiple pathways to defend against invading pathogens, among
which are the Toll, IMD and Jak-Stat pathways (Lemaitre and Hoffmann, 2007; Sabin et al.,
2010). Each of these pathways responds to different invading pathogens and ultimately leads
to the induction of specific antimicrobial peptides (AMPs) (Lemaitre and Hoffmann, 2007).
Since all the Drosophila Tolls have a conserved Toll and Interleukin-1 receptor (TIR)
domain (Imler and Zheng, 2004), we explored whether Toll-7 signals via the canonical Toll
signaling pathway. The Toll-dependent AMP gene Drosomycin is potently activated after
fungal infection, but it was only modestly induced by VSV infection in cultured cells (~2-
fold, Figure 3A). To examine whether this induction reflects a requirement for the Toll
signaling pathway in restricting VSV infection in vivo, we challenged flies mutant for
canonical pathway components including the TIR adapter MyD88 and NF-kB member Dif,
which are both essential for fungal and Gram-positive bacterial immunity in adult flies
(Bilak et al., 2003; Ip et al., 1993; Tauszig-Delamasure et al., 2002). Loss of these critical
Toll pathway components had no impact on VSV replication in vivo, suggesting that Toll-7
signals through a distinct pathway (Figure 3B).

The IMD pathway is also activated by a PRR and converges on alternative NF-kB
transcription factors that induce a different spectrum of AMPs including Diptericin
(Lemaitre and Hoffmann, 2007). We also explored this pathway to see if Toll-7 might be
signaling through downstream members and found that VSV infection did not affect
Diptericin expression in cell culture (Figure 3A).

Lastly, we examined the Jak-Stat signaling pathway, which has been shown to play antiviral
roles both in flies and mammals (Dostert et al., 2005; Garcia-Sastre and Biron, 2006). Upon
VSV infection of cells, we found that expression of vir-1, a virus-specific Stat-dependent
gene in Drosophila, was unperturbed (Figure 3B). These data suggest that Toll-7 mediates
its antiviral effects through a signaling cascade distinct from the canonical Toll, IMD or Jak-
Stat pathways.

As many genes with roles in immunity are regulated by infection, we examined the
expression of Toll-7 (and the other Toll receptors) after VSV infection. Cells were
challenged with VSV, and Toll-7 along with Toll, Toll-2, Toll-4 and Toll-8 were
transcriptionally induced, indicating a potential role for these genes in immunity (Figure
3C).

Toll-7 is a surface receptor that interacts with VSV
TLRs can reside either at the plasma membrane or within endosomal compartments where
they interact directly or indirectly with pathogens. Therefore, we characterized the
subcellular localization of Toll-7. For these studies we generated an antibody that recognizes
endogenous Toll-7 and found that RNAi against Toll-7 efficiently depleted the protein in
both cells and flies (Figure 4A). Toll-7 protein was also undetectable in the Toll-7 mutant
flies (Figure 4A), and transgenic flies expressing Toll-7 under control of Heat-shock-GAL4
exhibited increased Toll-7 protein, further validating the antibody’s activity (Supplementary
Figure 3). To test whether Toll-7 is a plasma membrane resident protein, we surface
biotinylated Drosophila cells with a cell impermeable form of biotin and precipitated the
biotinylated proteins with avidin. Similar to the known surface resident protein Toll, Toll-7
was precipitated by avidin while tubulin, an intracellular protein, was not found in the
precipitate (Figure 4B).

In general, mammalian TLRs bind directly to their PAMPs, while recognition by Drosophila
Toll is indirect. Toll is instead activated by the cytokine spätzle, which is the product of a
proteolytic cascade induced upon upstream recognition of bacterial and fungal PAMPs
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(Akira et al., 2006; Ferrandon et al., 2004; Lemaitre et al., 1996). Therefore, we tested
whether VSV interacted with Toll-7 at the cell surface. Cells were pre-bound with purified
biotinylated infectious VSV at 4°C to allow for surface binding. After one hour, unbound
virus was removed and cell lysates were applied to avidin beads. Precipitation of proteins
bound to VSV revealed that VSV-G was efficiently precipitated, as we were unable to detect
the low amount in the input (Figure 4C). We found that VSV interacted with endogenous
Toll-7 at the plasma membrane, and that this interaction was lost upon RNAi depletion of
Toll-7 (Figure 4C). Moreover, the interaction between Toll-7 and VSV was specific, as
Toll-7 did not bind biotinylated IgG (Figure 4C, D). Lastly, while Toll-7 precipitated with
VSV, the plasma membrane protein Toll and the intracellular protein tubulin did not
precipitate, suggesting that Toll-7 is a specific and bona fide PRR for VSV (Figure 4D).

VSV-induced autophagy is dependent on Toll-7 in cultured cells
Since both Toll-7 and autophagy show similar antiviral activity against VSV, we tested
whether Toll-7 is the PRR upstream of autophagy. In order to examine autophagy, we
implemented a commonly used assay dependent upon the change in localization of an
expressed GFP-tagged Light Chain 3 (GFP-LC3) in Drosophila cells (Juhasz and Neufeld,
2008; McPhee et al., 2010; Rusten et al., 2004; Shelly et al., 2009). Under normal
conditions, LC3 shows diffuse cytoplasmic staining; however, it is translocated to
autophagosomes when autophagy is induced, appearing as bright puncta within the cell
(Klionsky et al., 2008; Mizushima et al., 2010). Upon VSV infection or starvation, we
observed a significant increase in the number of LC3 puncta per cell compared to control
cells (Figure 5A–C; quantified in D and Supplementary Figure 4). This induction was
dependent on canonical autophagy proteins, as depletion of Atg5, a core component of this
pathway, blocked the puncta formation induced by either VSV infection or starvation
(Figure 5E–G; quantified in H and Supplementary Figure 4). In contrast, upon silencing of
Toll-7, VSV-induced puncta were lost while starvation-induced puncta were unaffected
(Figure 5I–K; quantified in L and Supplementary Figure 4). Taken together, these results
indicate that Toll-7 is specifically required for antiviral autophagy but dispensable for
starvation-induced autophagy.

Toll-7 mediates the antiviral autophagy response in adult flies
Next, we evaluated whether Toll-7 is required for VSV-induced autophagy in vivo. To
examine autophagy in adult flies, we used a well-characterized assay that takes advantage of
Lysotracker, a marker of acidified compartments, to observe the induction of late-stage
autophagosomes in the fat body, which lacks an acidic pH under normal conditions (Arsham
and Neufeld, 2009; Bilen and Bonini, 2007; Chen et al., 2008; McPhee et al., 2010; Rusten
et al., 2004; Shelly et al., 2009). Toll-7 silenced flies or sibling controls were infected with
VSV-GFP and dissected three days after infection, at which time the fat body was removed
and stained with Lysotracker. While control flies showed significant Lysotracker staining in
VSV-infected fat body cells, Toll-7 depleted flies exhibited minimal Lysotracker staining
despite extensive viral infection, as monitored by GFP expression (Figure 6A, quantified in
B). Uninfected Toll-7 silenced flies or sibling controls had little Lysotracker staining of fat
body cells (data not shown).

To further verify that Toll-7 is required for the induction of autophagy downstream of VSV
infection in adult flies, we implemented an immunoblot assay. During autophagy, cytosolic
LC3 (LC3-I or Atg8-I) is conjugated with phosphatidylethanolamine, forming a lipidated
form of LC3 (LC3-II or Atg8-II) that decorates the autophagic membrane and results in a
size shift by immunoblot (Shelly et al., 2009). Control flies exhibited a strong induction of
autophagy after VSV infection as monitored by increased Atg-II amounts; however, VSV-
activated autophagy was severely abrogated in Toll-7 depleted flies (Figure 6C). Consistent
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with these results, Toll-7 mutant flies demonstrated a reduction in Atg8-II production after
VSV challenge compared to the controls (Figure 6D). Autophagy was induced
independently of canonical Toll signaling as Myd88 mutant flies showed substantial Atg8-II
accumulation after VSV infection (Supplementary Figure 5). Together, our results confirm
that Toll-7 is required for VSV-induced antiviral autophagy both in vitro and in vivo.

DISCUSSION
The essential role for Drosophila Toll in antimicrobial defense is firmly established;
however, whether other Toll receptors serve important immune functions has been poorly
understood. We have identified a role for a second Drosophila Toll receptor, Toll-7, in
antiviral defense both in cells and animals. Toll-7 depleted cells exhibited increased VSV
infectivity, and Toll-7 deficient flies demonstrated significantly elevated viral replication
and mortality after VSV challenge. Furthermore, Toll-7 acted as a PRR by interacting with
VSV at the plasma membrane to induce an effector program that converged on antiviral
autophagy. The function of Toll-7 appears to be specific to antiviral immunity, as Toll-7
deficient flies mount appropriate AMP responses to septic injury (Yagi et al., 2010).

Multiple innate immune pathways in Drosophila rely on the activation of the transcription
factor NF-kB; however, the Toll-7 dependent autophagy response is likely elicited via an
NF-kB-independent mechanism. Unlike Toll-7 deficient flies, flies lacking core Toll
pathway components did not demonstrate increased susceptibility to VSV. Moreover, the
IMD pathway was not activated by viral infection. In agreement with these data, MyD88
was also not required for the induction of antiviral autophagy. This NF-kB independence is
consistent with previous studies that found that the NFkB-dependent AMPs Diptericin and
Drosomycin are not induced in Drosophila cells when stimulated with a hyperactive form of
Toll-7 (Tauszig et al., 2000) and that Toll-7 is dispensable for immunity to NF-kB-
dependent bacterial challenges (Yagi et al., 2010). Hence, while Toll-7 likely activates non-
canonical signaling pathways, the exact pathways downstream of Toll-7 remain to be
determined.

Recent studies in mammals found that TLR activation can lead to the induction of
autophagy in a variety of cultured cells (Delgado et al., 2008; Sanjuan et al., 2007; Shin et
al., 2010; Xu et al., 2007). However, the mechanism by which TLR stimulation converges
on autophagy is unclear. Moreover, the dependence on specific signaling molecules is
controversial and whether TLR-induced autophagy is important in restricting infection in
vivo is unknown (Delgado et al., 2009; Xu and Eissa, 2010). Our data, together with the
findings that Listeria recognition via a peptidoglycan recognition protein induces autophagy
(Yano et al., 2008), suggest that multiple classes of PRRs are involved in the induction of
antimicrobial autophagy, which plays an important role in the control of a diverse set of
pathogens.

While the discovery of Toll as an innate immune receptor led to the identification of TLRs
as a large family of PRRs, studies demonstrating a role for the additional eight Toll
receptors in immunity have lagged behind. This discrepancy may be in part due to the lack
of studies probing the role of the additional eight Toll receptors in antiviral defense. Perhaps
the lack of classical cytoplasmic sensors (RIG-I and MDA5) has required Drosophila to be
more heavily dependent on the Tolls for viral recognition, opening up the possibility that
additional Drosophila Toll receptors play roles in antiviral immunity. This hypothesis is
further supported by our finding that a number of uncharacterized Tolls are induced by viral
infection similar to the two major antiviral TLRs, TLR3 and TLR7, which are
transcriptionally induced by viral infection in mammalian systems (Siren et al., 2005;
Takeda et al., 2003). Importantly, Toll-7 is conserved in vector mosquitoes, suggesting that
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Toll-7 and other Toll receptors may be involved in the recognition and restriction of human
arboviruses (Waterhouse et al., 2007).

TLRs are generally thought to directly bind their PAMPS, whereas Drosophila Toll
functions indirectly by recognizing a host cytokine. Our findings that Toll-7 interacts with
VSV virions suggest that Toll-7 might act directly as a pattern recognition receptor more
similar to mammalian TLRs, a previously unknown mechanism for an insect Toll receptor.
Although VSV is an arbovirus, the natural vectors have been proposed to be biting insects
such as sand flies and blackflies (Comer et al., 1990; Mead et al., 2004); nevertheless, for
several reasons we believe that VSV is a bona fide ligand for Drosophila Toll-7. First, Toll-7
is highly conserved between insect species that have been sequenced (66% identity and 77%
homology to Aedes aegypti Toll-7), indeed, more so than many other Toll receptors.
Second, while nucleic acids have been well-characterized as viral PAMPs, emerging
evidence suggests that viral proteins including glycoproteins can also activate TLRs
(Barbalat et al., 2009; Barton, 2007). Importantly, there are several examples of murine
TLRs that recognize PAMPs from viruses that naturally do not infect mice. Humans are the
natural host of measles virus, yet the viral hemagglutinin still activates mouse TLR2
(Bieback et al., 2002). Likewise, Tlr2−/− murine macrophages have reduced cytokine
responses to hepatitis C virus core and NS3, as well as to human cytomegalovirus, despite
the fact that both viruses are human viruses (Chang et al., 2007; Compton et al., 2003).
Moreover, in mouse macrophages and myeloid dendritic cells, VSV-G activates an antiviral
response dependent on TLR4, even though VSV does not normally infect mice in the wild
(Georgel et al., 2007). These results are consistent with the idea that PAMPs are molecular
signatures often conserved across wide groups of pathogens and not necessarily restricted to
a single microbe. It is therefore not unexpected that TLRs (as well as Tolls) can recognize
these structures even if they have not yet encountered that particular pathogen. Third, while
the Rhabdovirus VSV does not normally infect fruit flies, the closely related Rhabdovirus
sigma virus is a natural Drosophila pathogen (Fleuriet, 1988). The Drosophila sigmaviruses
phylogenetically cluster more closely to the vesiculoviruses than other groups of
Rhabdoviruses (Longdon et al., 2010). Furthermore, while autophagy has not formally been
shown to restrict sigma virus, flies deficient in Drosophila p62 (ref(2)p), which serves as an
autophagy cargo receptor implicated in the clearance of Sindbis virus capsids and other
pathogens, are more susceptible to infection (Contamine et al., 1989; Dru et al., 1993;
Orvedahl et al., 2010). Given the relatedness of sigma virus to VSV, we posit that the Toll-7
ligand on VSV may be similar to that of a natural Drosophila pathogen.

Intriguingly, the interaction between Toll-7 and VSV suggests that other Toll receptors may
recognize presently undefined ligands, including pathogen-derived molecules. Taken
together with studies on Toll in microbial defense, our data suggest that Toll receptors likely
evolved to recognize foreign microbes and elicit antimicrobial effector mechanisms,
therefore uncovering an evolutionarily conserved intrinsic antiviral program that links
pathogen recognition to autophagy, which may be amenable to therapeutic intervention.

METHODS
Cells and viruses

Drosophila S2 cells and BHK cells were grown and maintained as described (Shelly et al.,
2009). VSV or VSV-eGFP was grown as described (Ramsburg et al., 2005).

RNAi and infections
dsRNAs for RNAi were generated and used for RNAi as described (Cherry et al., 2005).
Amplicons used are described at http://flyrnai.org. Three days after dsRNA bathing, cells
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were infected with the indicated viral innoculum and assayed at the indicated time point post
infection.

Immunofluorescence
Cells were processed for immunofluorescence as previously described (Shelly et al., 2009)
and imaged using an automated microscope (ImageXpress Micro). Three wells per treatment
with three sites per well were collected and quantified (MetaXpress). S2* cells were
transfected with pMT-Gal4 and UAS-GFP-LC3 and infected with VSV as previously
described (Shelly et al., 2009). Greater than 150 cells per treatment were counted for three
independent experiments.

Immunoblotting, Northern blots, qPCR and Titers
Cells or flies were collected at the indicated time points and lysed in
radioimmunoprecipitation assay (RIPA) buffer supplemented with a protease inhibitor
cocktail (Boehringer) and blotted as previously described for immunoblots (Shelly et al.,
2009). Cells or purified virus were biotinylated using Sulfo-NHS-LC-Biotin following the
manufacturer’s protocol at 4°C (Thermo). For immunoprecipitations, samples were lysed in
lysis buffer (20mM Tris at pH 7.6, 150 mM NaCl, 2mM EDTA, 10% glycerol, 1% Triton
X-100, 1mM DTT, and protease inhibitors) (Aggarwal et al., 2008). Protein lysates were
precipitated with streptavidin-agarose and immunoblotted. For Northern blot, total RNA was
purified by Trizol and analyzed as previously described (Shelly et al., 2009). qPCR was
performed on DNAse-treated total RNA that had been reverse transcribed using random
primers.

Adult infections
4–7 day old adults of the stated genotypes were inoculated with vehicle or VSV-GFP as
previously described (Shelly et al., 2009). Flies were processed at the indicated time point
post infection. For autophagy studies, flies were dissected in complete Schneider’s media
with Lysotracker red (Invitrogen), incubated for 10 min, rinsed in media and mounted live
for imaging (Leica) (Shelly et al., 2009).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Toll-7 is required for antiviral defense in cells and animals

• Toll-7 interacts with VSV at the plasma membrane

• Toll-7 is required for autophagy in response to VSV

• Toll-7 along with additional Tolls is transcriptionally induced by VSV infection
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Figure 1. Drosophila Toll-7 and Toll-2 are antiviral in cells
A. Drosophila cells pretreated with dsRNAs against the indicated genes were infected with
VSV (MOI=0.1) for 20 hr and processed for immunofluorescence. Infected cells express
GFP, and the percent infection is calculated with automated image analysis (MetaXpress)
from three wells, with three sites per well (virus, green; nuclei, blue). B. Percent infection
for three experiments is shown; Mean±SE, *p<0.01, Student’s t-test. C. Cells pretreated
with the indicated dsRNAs were infected (MOI=0.1) and processed for immunoblot 20
hr.p.i; a representative experiment of three is depicted.
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Figure 2. Toll-7 is antiviral in adult flies
A. Adult flies expressing dsRNA against the indicated Toll receptors and their sibling
controls were challenged with VSV and monitored for viral replication at 6 d.p.i. by RNA
blot and quantified relative to a cellular control mRNA (Actin). Fold change of the Mean
±SD compared to sibling controls for three experiments is shown; *p<0.05, Student’s t-test.
B. Toll-7 depleted flies (Actin-Gal4> UAS-Toll-7 IR) or sibling controls (+> UAS-Toll-7
IR) were challenged with VSV and viral RNA was monitored by RNA blot at the indicated
time points p.i. A representative blot is depicted; results were repeated in at least three
experiments. C. Adult flies expressing dsRNA against Toll-7 (Actin-Gal4> UAS-Toll-7 IR)
or sibling controls (+> UAS-Toll-7 IR) were challenged with vehicle (PBS) or VSV, and
morbidity was monitored as a function of time after infection. Mean±SE is shown for three
experiments (Log-rank test, p<0.02). D. Toll-7 mutant (Df(2R)BSC22/Toll-7g1–5) or control
flies (+/Toll-7g1–5) were infected with VSV and viral replication was monitored by Northern
blot. E. Average fold change of viral RNA in Toll-7 mutants compared to controls
normalized to RpS6 expression at 6 d.p.i; *p<0.05, Student’s t-test. F. Survival of VSV-
challenged Toll-7 mutant (Df(2R)BSC22/Toll-7g1–5) or sibling control flies
(Df(2R)BSC22/+ and +/Toll-7g1–5) for three experiments (Mean±SE; Log-rank test,
p<0.001).
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Figure 3. Toll-7, but not the canonical innate immune signaling pathways, is transcriptionally
induced by VSV infection
A. Drosophila cells were either uninfected or infected with VSV for four hours and
processed for RT-qPCR of the Toll pathway AMP Drosomycin, the Imd pathway AMP
Diptericin and the Jak-Stat pathway readout vir-1. These were normalized to a control gene
(Rp49) and fold change of Mean±SD for three experiments is shown; *p<0.01, Student’s t-
test. B. Adult flies either heterozygous or homozygous mutant for the Toll pathway
components MyD88 and the NF-kB transcription factor Dif were challenged with VSV and
viral replication was monitored by RNA blot at 6 d.p.i. and quantified relative to a cellular
control (Actin). Fold change compared to heterozygous control of the Mean±SD for three
experiments is shown. C. Expression of the Drosophila Tolls from VSV-infected cells 4
hr.p.i. compared to uninfected cells was analyzed by RT-qPCR; Mean±SD, *p<0.01,
Student’s t-test.
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Figure 4. Toll-7 is a membrane-bound receptor that interacts with VSV
A. Immunoblot of Drosophila cells treated with control or Toll-7 dsRNA (left), adult flies
expressing dsRNA against Toll-7 (Actin-Gal4> UAS-Toll-7 IR) or sibling controls (+>
UAS-Toll-7 IR) (center) and Toll-7 mutant (Df(2R)BSC22/Toll-7g1–5) or control flies (+/
Toll-7g1–5) (right) probed for Toll-7 and control (tubulin). A representative experiment is
shown; similar findings were made in at least three experiments. B. Cells at 4°C were left
untreated or biotinylated for one hour, and lysates were probed with the indicated antibodies
(input, left; precipitate, right). A representative experiment is shown; similar findings were
made in at least three experiments. C. Drosophila cells treated with the indicated dsRNA
were left untreated or incubated with biotinylated IgG or biotinylated VSV for one hour at
4°C. Lysates were precipitated with streptavidin beads and immunoblotted for Toll-7 or
VSV-G. Coomassie staining is shown as a loading control. A representative experiment is
shown; similar findings were made in at least three experiments. D. Cells were left untreated
or incubated with biotinylated VSV for one hour at 4°C. Lysates were precipitated with
streptavidin beads and immunoblotted with the indicated antibodies. A representative
experiment is shown; similar findings were made in at least three experiments.
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Figure 5. Toll-7 is required for antiviral autophagy in cell culture
A–L. Cells transfected with a GFP-LC3 reporter (green) were treated with dsRNA against a
negative control (Betagal), canonical autophagy component Atg5 or Toll-7. Cells were left
uninfected (A, E, I), starved (B, F, J), or infected with VSV for 22 hr (MOI=10) (C, G, K).
Representative images are shown (nuclei, blue; GFP-LC3, green; VSV-G, red). Open arrows
indicate GFP-LC3+ puncta while closed arrows indicate VSV+ cells devoid of GFP-LC3
puncta. Scale bar: 10μm. D, H, L. Quantification of the fold change in puncta per cell for
triplicate experiments; Mean±SD is shown; *p<0.02, Student’s t-test.
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Figure 6. Toll-7 is required for antiviral autophagy in adult flies
A. Control flies (+> UAS-Toll-7 IR) or Toll-7 depleted flies (Actin-Gal4> UAS-Toll-7 IR)
were challenged with VSV-GFP for 3 days. The flies were monitored for infection (GFP+)
and autophagy (Lysotracker+). Representative images of fat body demonstrate that
autophagy is induced in infected wild type cells but not in the infected Toll-7 depleted cells.
Scale bar: 100μm. B. The percentage of virally infected cells (GFP+) with puncta
(Lysotracker+) was quantified. Mean±SD shown for three experiments; *p<0.0001,
Student’s t-test. C. Immunoblot of control flies (+> UAS-Toll-7IR) or Toll-7 depleted flies
(Actin-Gal4> UAS-Toll-7 IR) challenged with VSV for 2 days. Autophagy was monitored
by size shift of Atg8 (Atg8-II accumulation) and samples were normalized to the control
protein tubulin. These data show representative experiments; similar findings were made in
at least three experiments. D. Immunoblot of Atg8 expression from VSV-challenged Toll-7
mutant (Df(2R)BSC22/Toll-7g1–5) or control flies (+/Toll-7g1–5) day 3 post infection. A
representative image of three experiments is presented.
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