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SUMMARY
Intrinsic innate immune mechanisms are the first line of defense against pathogens, and exist to
control infection autonomously in infected cells. Here we show that autophagy, an intrinsic
mechanism that can degrade cytoplasmic components, plays a direct anti-viral role against the
mammalian viral pathogen Vesicular Stomatitis Virus (VSV) in the model organism Drosophila.
We found that the surface glycoprotein, VSVG, is likely the pathogen-associated molecular
pattern (PAMP) that initiates this cell-autonomous response. Once activated, autophagy decreases
viral replication, and repression of autophagy leads to increased viral replication and pathogenesis
in cells and animals. Lastly, we show that the antiviral response is controlled by the
phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway which normally regulates autophagy
in response to nutrient availability. Altogether these data uncover an intrinsic antiviral program
that that links viral recognition to the evolutionarily conserved nutrient signaling and autophagy
pathways.

INTRODUCTION
Detection and clearance of viruses by the innate immune system relies on several distinct
and essential pathways that are evolutionarily conserved (Janeway and Medzhitov, 2002).
Extracellular virions are recognized via Toll-like receptors present on the cell surface and
within endolysosomal compartments. These receptors were first identified in Drosophila and
are now recognized as the canonical pathogen recognition system in all metazoans (Uematsu
and Akira, 2006). Cytoplasmic pattern recognition receptors, originally identified in plants
(Meylan et al., 2006), also act as intracellular pathogen detectors. Yet another intracellular
pattern recognition system, responsible for the degradation of viral dsRNA genomes or
replication intermediates, is the RNA interference (RNAi) pathway (Li and Ding, 2005).
This ancient mechanism of viral RNA degradation plays important roles in anti-viral
immunity in plants as well as metazoans including Drosophila (Cherry and Silverman,
2006). Recently, autophagy, another ancient and conserved intracellular pathway, has also
been implicated in innate immunity and pathogen destruction (Gutierrez et al., 2004;
Kirkegaard et al., 2004; Levine and Deretic, 2007; Liu et al., 2005; Nakagawa et al., 2004;
Rich et al., 2003).
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Autophagy was first genetically characterized in yeast as a response to starvation and is the
process by which cells degrade cytoplasmic components including organelles for recycling
(Klionsky et al., 2003; Klionsky and Ohsumi, 1999; Kuma et al., 2004; Mizushima et al.,
2004). There are various types of autophagy, including micro- and macroautophagy, as well
as chaperone-mediated autophagy, and they differ in their mechanisms and functions
(Mizushima et al., 2008). Macroautophagy, which will be referred to as autophagy
throughout this article, occurs through the de novo formation of double-membraned vesicles
called autophagosomes that envelop cytoplasmic regions, which mature and grow, and
subsequently fuse with the lysosome for degradation of the internalized cytoplasmic
contents. Autophagy is involved in a plethora of processes, including the removal of
damaged organelles and intracellular protein aggregates, turnover of long-lived proteins, and
cell death (Mizushima et al., 2008). Autophagy is required both for normal development,
and survival from nutrient depravation. For these processes, it has been shown that
autophagy is controlled by the PI3K/Akt signaling pathway. Activitation of the signaling
pathway inhibits autophagy, whereas the loss of signaling through this cascade relieves the
negative repression of TOR (Target of Rapamycin) kinase on Atg1, an essential upstream
component of the autophagy pathway (Stephan and Herman, 2006). Therefore, there is a
direct link between nutrient availability and levels of autophagy.

In mammalian systems, autophagy was recently shown to play a role in innate immune
defense against intracellular pathogens(Levine and Deretic, 2007). Studies on bacterial
pathogens have revealed that some bacteria are cleared from the cytoplasm by autophagy
(Andrade et al., 2006; Gutierrez et al., 2004; Ling et al., 2006; Nakagawa et al., 2004;
Ogawa et al., 2005; Singh et al., 2006). However, it has yet to be established whether
autophagy is induced by bacterial infection or if it plays a role at the organismal level. There
have also been studies implicating autophagy in antiviral defense. For example, many
viruses can be observed inside of autophagic compartments including Herpes Simplex virus
Type-1 (HSV-1), and Sindbis virus (Seay et al., 2005; Talloczy et al., 2006). Moreover, data
suggest that beclin 1 (the human homolog of Atg6), perhaps via autophagy, restricts viral
encephalitis induced by both HSV-1 and Sindbis (Liang et al., 1998; Orvedahl et al., 2007).
In plants, autophagy prevents the spread of cell death during the hypersensitive response
which restricts viral replication (Liu et al., 2005). However, it has not been established that
autophagy itself is sufficient to control the replication of these viruses, or if there are other
facets of activated pathways such as cell death that are impacting viral growth. Importantly,
it has not been demonstrated genetically that autophagy restricts viral replication in animals.
Moreover, which viral component induces autophagy and which signaling pathways are
responsible are currently unknown.

Given the potentially critical role of autophagy in defense from infection, and the fact that
there is little known about intrinsic anti-viral mechanisms, we set out to determine whether
autophagy can directly control viral replication in the genetically tractable organism,
Drosophila melanogaster. Drosophila has no acquired immune system, relying only on
innate systems to combat pathogens. This simplified immune system allows us to test the
role of innate factors in isolation. Here we show that autophagy controls Vesicular Stomatits
Virus (VSV) replication in both cultured Drosophila cells and adult flies. VSV infection via
the surface glycoprotein is sensed by flies, and this in turn activates autophagy, independent
of viral replication. Increased autophagic activity is mediated by repression of the nutrient
signaling cascade, which alleviates repression of autophagy activating the antiviral program.
This pathway is critical to control of viruses because of the fact that loss of autophagy
converts a non-pathogenic VSV infection into a lethal one.
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RESULTS
VSV infection of Drosophila cells is controlled by autophagy

We first characterized infection of Drosophila cells with VSV. VSV is the prototypical
member of the non-segmented negative sense RNA virus family, and is transmitted to cattle
by insects (Letchworth et al., 1999; Palese et al., 1996). This virus infects and spreads
between arthropods and mammals, yet is controlled by the immune system of each, resulting
in little mortality in either host. To study mechanisms of defense against this virus, we
challenged Drosophila S2 cells with VSV that expresses a GFP reporter (VSV-GFP) upon
successful replication (Ramsburg et al., 2005).

We found that VSV-GFP replicates in Drosophila cells in a dose-dependent manner. New
viral antigens were detected by 20 h post-infection as measured by GFP production as well
as the production of the viral glycoprotein VSV-G (Figure 1A) (Cherry et al., 2005). We
also monitored viral replication using immunoblot analysis to detect the production of viral
antigens. Whole cell lysates from cells infected with increasing multiplicities of infection
(MOI) were examined using an antibody against GFP or VSV-M (Figure 1B). Thus, we can
monitor a dose-dependent increase in viral infection using both assays.

We also determined whether VSV productively infects Drosophila cells. To this end, we
monitored the production of new viral progeny. Cells were infected with increasing amounts
of virus, and 24 hours post infection, the amount of virus produced was measured by plaque
assay on mammalian cells demonstrating a full replication cycle in Drosophila cells (Figure
1C). Altogether, these studies show that VSV productively infects Drosophila cells,
generating virus that is infectious to mammalian cells.

Drosophila has homologues of 11 yeast autophagy-related genes, and many of these have
been confirmed to be required for autophagy in flies during development or starvation (Scott
et al., 2004). To test whether loss of the autophagy pathway affects viral replication in tissue
culture cells, dsRNAs were generated against three of these highly conserved genes
previously shown to be involved in autophagy in flies (Atg5, Atg8a, and Atg18) (Scott et al.,
2004). Three different genes were tested, in order to rule out off-target effects of the
dsRNAs, as well as to confirm that effects observed are due to the autophagy pathway rather
than an unrelated pathway or process affected by any individual RNAi reagent. To deplete
the proteins we treated cells with dsRNA or a control dsRNA for three days then challenged
the cells with VSV-GFP. We used automated imaging and analysis to monitor infection.
Using this assay, we observed a significant increase in the percentage of infected cells by
knocking down each autophagy-related gene (Figure 2A). Semi-quantitative RT-PCR and
RT-qPCR was used to demonstrate that treatment with dsRNAs leads to a depletion of the
cognate mRNA (Supplementary Figure 1). In addition, immunoblot analysis demonstrated
that treatment of cells with dsRNA against Atg8a led to a complete loss of Atg8a protein
(Figure 3E). The increase in viral replication measure by fluorescence was verified
biochemically: cells were depleted for Atg5, Atg8a or Atg18, infected with VSV, and
probed by immunoblot for GFP (Figure 2B). We observed an increase in the amount of GFP
in the autophagy-depleted cells.

To further validate that the autophagy pathway as a whole is required for the phenotype, we
tested additional conserved autophagy genes including Atg1, Atg2, Atg4, Atg6, Atg7,
Atg8b, or Atg9. Cells were treated with the indicated dsRNA for three days and then
infected with VSV. Using microscopy and automated image analyses, we quantified the
percentage of infected cells across four independent experiments and normalized the
infection to untreated cells. When compared to the non-targeting control dsRNA (b-gal) we
observed a significant increase in VSV infection upon depletion of autophagy genes (Figure
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2C). We also found a similar increase in viral titers produced in cells depleted for autophagy
genes (Supplementary Figure 2). Altogether, these data demonstrate that autophagy controls
viral replication, consistent with its playing an antiviral role in cultured cells.

VSV infection activates autophagy in cultured cells
The finding that autophagy inhibits VSV replication suggests that autophagy might be
induced by VSV infection of cells. Autophagy is routinely monitored by three assays:
electron microscopy, fluorescent GFP-LC3 punctae or as lipidated LC3 by immunoblot
(Klionsky et al., 2008). We first monitored autophagy by electron microscopy. This
approach allows identification of intracellular organelles and structures, and to show that
virally-induced compartments are of autophagic origin. Double-membrane vesicles that
contain cytoplasmic components or degrading organelles such as mitochondria are not
known to arise by any other mechanism. Therefore, we performed electron microscopy
analysis on both VSV-infected and uninfected S2 cells. Upon quantification of autophagic
bodies, we found a >2.5-fold increase in the number of autophagosomes in the infected cells
(Figure 3A, C). Higher magnification images show double membrane vesicles with
cytoplasmic contents or membranous contents (degrading mitochondria) indicative of
autophagic compartments (Figure 3B).

To verify that the VSV-induced vesicular structures we observed were indeed autophagic in
origin, we tested whether Atg5 depletion by RNAi could prevent their induction. Indeed we
found that loss of Atg5 inhibited the induction of these autophagic compartments as
measured by electron microscopy (Figure 3D). Altogether, these data suggest that viral
infection induces autophagy, which in turn attenuates viral replication.

Given that VSV infection activates autophagy, there were two possible viral inducers:
incoming virions and viral replication products. To test whether virus replication is required,
we challenged cells with either replication competent or UV-inactivated virus, and measured
the effect on autophagy using electron microscopy. UV-inactivated virus binds cells,
undergoes endocytosis, and fuses within the endolysosomal compartment (Dubovi and
Youngner, 1976). The core, released into the cytoplasm, is replication incompetent. We
verified that the UV-inactivated virus was indeed replication defective by fluorescence
microscopy (Supplementary Figure 3). Using this assay, we found that both replication-
competent and UV-inactivated VSV induce autophagic vesicles (Figure 3C). Indeed,
quantification reveals that UV-inactivated virus induces the formation of autophagic bodies
to a similar extent as replication competent virus. This suggests that the incoming virus
presents the cells with a pre-existing molecule (perhaps a PAMP) that is sufficient to
activate the antiviral program.

During autophagy cytosolic LC3 (LC3-I) is conjugated on its carboxyl terminus with
phosphatidylethanolamine forming lipidated LC3 (LC3-II) which localizes to the autophagic
membrane. The amount of LC3-II correlates with the number of autophagosomes and can be
monitored by immunoblot (Klionsky et al., 2008). In Drosophila there are two LC3
homologs that are 95% similar, Atg8a and Atg8b. We developed an antibody that
recognized the C-terminus of both homologs as treatment of cells with dsRNA against Atg8
(dsRNA has overlap with both targets) completely abolished the signal (Figure 3E). In
addition, we observed an increase in the production of Atg8-II upon starvation validating
our antibody (Figure 3F). Next, we tested whether infection with wild type or UV-
inactivated virus induced the production of Atg8-II. Indeed, we observed significant
induction of Atg8-II upon treatment with both replication competent and incompetent virus
(Figure 3F).

Shelly et al. Page 4

Immunity. Author manuscript; available in PMC 2010 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To further study the role of autophagy in VSV infection we took advantage of an assay that
depends on the translocation of the autophagosome protein LC3 (Atg8) from the cytosol
(diffuse distribution) to newly formed autophagosomes, which appear as bright cytoplasmic
punctae (Kabeya et al., 2000). GFP-LC3 is an autophagosome-specific membrane marker
detected in puctae upon autophagosomes induction in both mammalian and Drosophila
systems (Rusten et al., 2004; Scott et al., 2004; Yano et al., 2008). This assay allows us to
monitor the induction of autophagy cell-by-cell. We expressed this GFP tagged LC3 (GFP-
LC3) in cultured cells and found that there is diffuse cytoplasmic staining (Figure 4A).
However, upon infection, with either wild type or UV-inactivated virus we observed a
significant increase in the percentage of punctae-containing cells. This is quantified in
Figure 4B. Moreover, we found that there was also an increase in the number of punctae per
cell upon infection with either wild type or UV-inactivated VSV (Figure 4C). Lastly, we
tested whether the activation of autophagy was cell-autonomous. To this end, cells
expressing GFP-LC3 were uninfected, infected, or infected at a multiplicity of infection
such that 30% of the cells were VSV-M+. Next, we quantified the percentage of cells with
punctae that were either VSV+ or VSV−. We found that only the infected cells had an
increase in GFP-LC3 punctae (Figure 4D). Together, the combination of electron
microscopy, the induction of Atg8-II and GFP-LC3 punctae formation we show that VSV
infection, in the absence of viral replication, led to a robust, cell-autonomous increase in
autophagy in Drosophila cells.

The viral glycoprotein, VSV G, induces autophagy
The VSV virion is largely composed of the viral RNA genome, the proteins that are bound
to the viral RNA making up the RNA-nucleoprotein complex or RNP, matrix proteins
associated with the nucleocapsid and the membrane-bound surface envelope spike
glycoprotein which extends from the viral membrane. We set out to determine which
component of the virion is the pathogen associated molecular pattern or PAMP that is
recognized by Drosophila cells, leading to the induction of antiviral autophagy. To this end,
we purified virions from which we isolated the RNP and the viral RNA (Gupta et al., 1995).
Because VSV is a negative strand RNA virus, the naked nucleic acid is not capable of
initiating an infection in the absence of the viral proteins that make up the RNP (N, P, and
L). We verified that the purified RNA was non-functional and that the RNP was functional
by co-transfection with a reporter to mark the transfected cells. As expected, we found that
100% of the cells transfected with the RNP but none of the cells transfected with viral RNA
produced VSV-M as measured by immunofluorescence (Supplementary Figure 4A). Next,
we tested whether cells transfected with the viral RNA or RNP induced autophagy as
measured by GFP-LC3 punctae formation, and found that neither PAMP was able to induce
autophagy using this assay (Figure 4E, F).

Next, we set out to test whether the viral glycoprotein VSV G could induce autophagy. To
purify VSV G containing vesicular particles (VPs) devoid of any other viral component we
either mock transfected or transfected 293T cells with VSVG. VSV G alone is sufficient to
induce blebbing and the formation of VPs that are infectious and have no other viral
component (Abe et al., 1998; Rolls et al., 1994). We purified the VPs and found that only
the VPs from the VSV G transfected cells carry VSV G by immunoblot (data not shown),
and used these VPs to infect Drosophila cells expressing GFP-LC3. We found that
Drosophila cells treated with the VSV G VPs but not the preparation from mock-transfected
cells were positive for VSV G by immunofluorescence (Supplementary Figure 4B). Next,
we challenged cells expressing GFP-LC3 with the purified blebs and found that treatment of
cells with VSV G+ VPs were sufficient to induce LC3-GFP+ punctae (Figure 4G). Taken
together, our data suggest that VSV G is the PAMP that is recognized by Drosophila cells.

Shelly et al. Page 5

Immunity. Author manuscript; available in PMC 2010 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



VSV infection induces autophagy both in primary cells and in adult flies
The above findings indicate a critical role for autophagy in cultured cells. We extended our
findings to primary cells by taking advantage of transgenic animals that express GFP-LC3 in
larval hemocytes. Hemocytes are the Drosophila phagocytic macrophage-like cell type from
which S2 cells are derived. We used the Gal4/UAS system, in which transgenes under the
control of Gal4 transcription factor binding sites (UAS sites) can be induced by Gal4
expression (Brand and Perrimon, 1993). This allows us to drive expression of the
autophagosome marker GFP-LC3 using a specific hemocyte promoter, hemolectin. Third
instar larval hemocytes expressing GFP-LC3 (hemolectin-Gal4, UAS-GFP-LC3) were
isolated and challenged with VSV ex vivo. In uninfected primary hemocytes, there is diffuse,
low level GFP-LC3 expression (Figure 5A). In contrast, by 2 hours post infection, the
hemocytes show bright GFP positive punctae indicative of autophagosome induction (Figure
5A) and quantified in Figure 5B. This time point is prior to the initiation of viral replication,
further supporting the hypothesis that a preformed component of the virus, rather than
replicating virus, is recognized by cells to induce autophagy.

To further demonstrate that infection induces autophagy in vivo, we infected adult flies with
VSV-GFP and monitored autophagy using Lysotracker staining, a marker for acidified
compartments that has been extensively used in flies (Bilen and Bonini, 2007; Chen et al.,
2008; Juhasz and Neufeld, 2006). Using this assay, we found that VSV infection (GFP
expression) leads to an increase in autophagy (Lysotracker+) in vivo (Figure 5C). Moreover,
this induction is again cell-autonomous; only GFP+ cells were Lysotracker+. These data
show that both Drosophila cells and animals respond to VSV infection by inducing an
autophagic program.

Autophagy plays an antiviral role in adult flies
To determine whether autophagy also plays an innate anti-viral role in the adult organism in
vivo, we characterized viral infection of adult flies by challenging them with VSV and
monitored infection. We found that VSV infection is non-pathogenic in adult flies as
measured by mortality post-infection (Figure 6A). We next set out to determine if depletion
of autophagy genes alters the susceptibility of flies to infection. Mutant flies were generated
in vivo by driving expression of transgenes bearing long hairpin double-stranded RNA
constructs targeting specific autophagy genes in vivo, leading to loss-of-function
phenotypes. We crossed control and transgenic flies with hairpin transgenes against Atg18
(UAS-Atg18 IR), previously shown to be required for starvation-induced autophagy in flies,
to actin-GAL4 resulting in high levels of ubiquitous transgene expression (Scott et al.,
2004). We validated that Atg18 is indeed depleted in these flies by semi-quantitative RT-
PCR and RT-qPCR (Supplementary Figure 1). Whereas UAS-Atg18 IR singly transgenic
flies, and flies expressing a control dsRNA (Supplementary Figure 5) were resistant to VSV-
induced lethality, actin-GAL4/UAS-Atg18 IR doubly transgenic flies that were depleted for
Atg18 became sensitive to infection and succumbed to the virus. A representative
experiment is shown in Figure 6A). Flies depleted for Atg18 had a normal lifespan, and
were not more sensitive to infection with Drosophila C virus (Supplementary Figure 5).
Together, this shows that the altered pathology of the autophagy mutant is specific and that
this pathway is protective against VSV infection.

We also found that the increased mortality correlates with increased viral replication in flies.
At all time points post-infection there was a marked increase in the levels of VSV antigen
production, as measured by immunoblot (Figure 6B). In addition, we measured the levels of
virus production by plaque assays and found that there was an increase in viral titers in the
Atg18-depleted flies at early time-points post infection, prior to lethality (Figure 6C). Taken
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together, our data suggest that loss of autophagy in adult flies leads to increased viral
replication leading to mortality from an otherwise non-lethal infection.

To verify that our data for Atg18 is due to an effect on autophagy and not another role for
Atg18, we tested whether depletion of additional autophagy genes, Atg7 or Atg12,
previously shown to be required for starvation-induced autophagy in flies, also affects viral
replication {Scott, 2004 #13}. We found that there was a significant increase in the amount
of VSV RNA replication in animals depleted for Atg18 (Figure 6D), Atg7 (Figure 6E), or
Atg12 (Figure 6F), as measured by Northern blot. We also monitored viral replication by
Western blot analysis of the virus-encoded GFP, and again observed a significant increase in
viral growth in flies depleted for the autophagy genes Atg7 and Atg12 (Supplementary
Figure 6). We also validated that RNAi itself does not impact viral replication by expressing
a control dsRNA against the beta-galactosidase gene, and found that there was no effect on
viral growth (data not shown). Next, we determined whether loss of Atg7 also had an effect
on survival post challenge with VSV. Indeed, we found that whereas UAS-Atg7 IR singly
transgenic flies were resistant to VSV-induced lethality, actin-GAL4/UAS-Atg7 IR doubly
transgenic flies were more sensitive to infection although it takes longer to succumb to the
infection (Supplementary Figure 5).

Lastly, we tested whether loss of Atg18 had an effect on hemocyte numbers or functionality.
Hemocytes are macrophage-like cells which control infection of intracellular pathogens
(Lemaitre and Hoffmann, 2007). To monitor this phagocytic cell type we injected flies that
were either wild type or depleted for Atg18 with fluorescent beads. Fluorescent beads are
efficiently phagocytosed by hemocytes allowing for the number and activity of this cell type
to be monitored (Elrod-Erickson et al., 2000). The abodomens of these flies were imaged
and we found that there was no difference in the number of hemocytes or the level of
phagocytic activity in the hemocytes of adult flies depleted for Atg18 (Supplementary
Figure 7). Taken together, we demonstrate that autophagy is induced by infection in primary
cells, inhibits VSV replication in animals, and prevents viral pathogenesis.

Nutrient signaling controls autophagy during viral infection in animals
Given that autophagy is induced by infection, we were interested in determining which
signaling pathway might control this antiviral response. The PI3K/Akt pathway has been
previously shown to regulate autophagy during development and starvation. Therefore, we
tested whether this pathway also senses VSV infection in vivo. In resting cells autophagy is
repressed, at least in part, by the PI3K signaling pathway. Akt, a key kinase in this pathway,
has been demonstrated to control autophagy via activation of the TOR (Target of
Rapamycin) kinase (Lum et al., 2005). TOR is a global cell regulator that responds to
nutritional conditions and represses autophagy via Atg1 (Lee et al., 2007b; Scott et al.,
2007). Inhibiting this pathway either by decreased inputs from extra-cellular ligands or by
over-expression of negative regulators leads to decreased signaling and increased autophagy
(Rusten et al., 2004; Scott et al., 2004).

To modulate this pathway, and test whether the PI3K/Akt pathway controls VSV-induced
autophagy, we took advantage of a well-studied negative regulator, PTEN. PTEN is a
phosphatase that blocks PI3K signaling by dephosphorylating PI(3,4,5)P (Wullschleger et
al., 2006). Over-expression of this factor leads to an increase in autophagy in the larval fat
body (Arico et al., 2001; Scott et al., 2004). We over-expressed this gene in transgenic
animals using a heat shock-Gal4 driver. Under these conditions there was no significant
effect on fly viability (data not shown). We tested whether PTEN also controls autophagy in
the adult fat body using Lysotracker, a standard assay in Drosophila (Bilen and Bonini,
2007; Chen et al., 2008; Juhasz and Neufeld, 2006). Using this assay, we found that over-
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expression of PTEN induces autophagy in fat bodies of well fed adults (Supplementary
Figure 8).

We then challenged flies over-expressing PTEN, and thus undergoing constitutive
autophagy, with VSV and monitored viral replication. We observed a decrease in viral
protein production compared to controls by immunoblot analysis at all time points tested
(Figure 7A). Therefore, we conclude that inhibition of the PI3K/Akt pathway leads to a
significant decrease in VSV replication. To further dissect the role of PI3K signaling in the
control of VSV infection, we tested whether inhibition of the pathway using a different
negative regulator also blocks infection. We took advantage of a deleted form of p60, the
adaptor that couples the insulin receptor to the catalytic subunit of PI3K, Dp110 (Britton et
al., 2002). This deletion mutant, Δp60, is a variant that lacks the Dp110-binding domain,
that when over-expressed inhibits the PI3K/Akt signaling pathway similarly to the over-
expressed PTEN, thereby leading to an increase in autophagy (Scott et al., 2004). Using the
same heat shock/GAL4 over-expression system to drive expression of Δp60, we also
observe a decrease in VSV replication as measured by immunoblot (Figure 7A). Together,
these data indicate that inhibition of the PI3K/Akt pathway, which in turn activates
autophagy, also inhibits VSV replication, suggesting that this pathway plays an important
role in the anti-viral response.

To verify that the increase in VSV replication observed upon inhibition of the PI3K/Akt
pathway is indeed due to activation of autophagy and not another pathway regulated by this
signaling cascade, we performed epistasis analysis. Atg1, a conserved serine/threonine-
specific protein kinase, is a crucial component of the autophagy machinery and is a key
regulator of autophagy. All known pathways of regulation of autophagy appear to converge
upon Atg1. Loss of Atg1 blocks autophagy, whereas overexpression leads to an increase in
autophagy in flies (Scott et al., 2007; Scott et al., 2004). Therefore, it is a limiting
component of this pathway. First, we tested whether loss of one copy of Atg1 had an effect
on infection and found that this had no affect on VSV levels (Supplementary Figure 9).
Next, we performed the epistasis analysis in a sensitized background, by crossing flies
carrying a heat shock promoter driving expression of PTEN (Heat shock-PTEN) to flies that
were heterozygous for Atg1. This allowed us to compare flies that over-expressed PTEN,
and had two copies of Atg1, to flies that were heterozygous for Atg1. We expected that the
decreased viral replication mediated by over-expression of PTEN would be attenuated in
animals that had reduced Atg1 levels. We challenged these siblings and found that removing
one copy of Atg1 relieves the PTEN-mediated repression of VSV replication (Figure 7B).
This experiment demonstrates that the effect of PTEN on VSV is mediated by an increase in
autophagy.

The previous experiments relied on over-expression phenotypes therefore; we tested
whether we observed a similar dependence on nutrient signaling using a loss-of-function
strategy. Loss of Akt signaling is predicted to activate autophagy and inhibit VSV
replication. To this end, we tested whether loss of Akt by RNAi, using a previously
validated transgene, would result in decreased viral replication (Wang et al., 2008). Using
the same heat shock/GAL4 over-expression protocol used above, we drove expression of an
Akt dsRNA (UAS-Akt IR) and found that depletion of Akt by RNAi led to a decrease in
VSV replication as measured by immunoblot (Figure 7C).

Together, these data suggest that infection by VSV is sensed by flies, leading to a decrease
in PI3K/Akt signaling, which increases autophagy and inhibits viral replication. However,
these data do not show whether infection itself modulates this signaling pathway. A
prediction is that VSV infection is sensed by the fly, leading to the repression of PI3K/Akt
signaling to activate the anti-viral autophagy program. We set out to test this hypothesis by
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monitoring signaling during infection. One method to monitor signaling through this
pathway is to measure the levels of phosphorylation of Akt by immunoblot. To monitor Akt
activity upon infection in vivo in adult flies, we tested whether we could detect phospho-Akt
in uninfected adult flies, but were unable to detect basal levels (data not shown). To increase
the levels of active Akt in flies, we induced the pathway by injecting insulin into the flies.
Under these conditions, we observed activation of the signaling pathway as determined by
phospho-Akt (Figure 7D). Next we challenged the flies with VSV in the presence of insulin
and compared the levels of phospho-Akt to flies that were insulin-treated but uninfected. We
observed a significant decrease in phospho-Akt levels in VSV infected animals (Figure 7D).
In contrast, levels of total Akt protein remained constant. This demonstrates that VSV
infection leads to an inhibition of Akt signaling in animals.

DISCUSSION
While autophagy has been implicated in diverse processes, both normal and pathogenic, a
role in controlling viral replication has been difficult to demonstrate directly in vivo, and is
complicated by differing requirements by distinct pathogens. Using a new model system we
found that autophagy plays an important anti-viral role against VSV in tissue culture cells as
well as in adult flies. By modulating the pathway in vivo, either inhibiting it using RNAi
against components of the autophagic machinery, or activating it by repressing the function
of upstream members of the PI3K/Akt signaling pathway, we demonstrate a reciprocal effect
on viral replication: activation of autophagy inhibits, and inhibition of autophagy
exacerbates infection. Moreover, we showed that infection is sensed by flies and leads to
inhibition of the Akt signaling pathway. This in turn leads to activation of the anti-viral
autophagic program, thereby protecting the animal from an otherwise lethal virus infection.

Furthermore, our data suggest that autophagy is directly activated by VSV infection, most
likely via the surface glycoprotein VSV G, and thus activation does not require viral
replication. While VSV RNA can be recognized by the cytoplasmic sensors in mammals, we
show that VSV RNA is not the sensor for autophagy in flies. Moreover, this class of
intracellular sensors has not yet been identified in Drosophila. Interestingly, recent work in
mammalian systems indicates that VSV G can also be recognized by TLR4 to activate this
class of PRRs (Georgel et al., 2007). Furthermore, it has been observed that TLR4 signaling
can activate autophagy downstream of the bacterial PAMP LPS, suggesting a link between
pattern recognition by TLRs and the cellular antimicrobial response (Xu et al., 2007).
Drosophila has 9 TLRs raising the possibility that this VSV G dependent viral recognition
pathway uses this class of pattern recognition receptors; however, other receptors may be
involved. Previous studies found that in specialized antigen presenting dendritic cells which
are not competent for VSV replication, autophagy is required to present VSV antigens to
endosomal TLR7, suggesting that different aspects of the autophagic pathway may modulate
viral replication under different conditions or in specialized cell types (Lee et al., 2007a).

Autophagy has been shown to be essential for defense against a variety of pathogens in cell
culture. Our studies suggest that VSV G is recognized by a pattern recognition receptor
whose activation leads to inhibition of the PI3K signaling pathway, increasing autophagy,
thereby blocking viral replication. Importantly, this newly identified anti-viral pathway may
play a role in the control of additional infectious agents. Moreover, it may be fruitful to
explore pharmacological modulation of the pathway as a means to inhibit viral replication as
there are a number of small molecule modulators that have been developed to regulate the
PI3K/Akt signaling pathway.
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EXPERIMENTAL PROCEDURES
Cells, antibodies, and reagents

Drosophila S2 cells were grown and maintained as described in Schneiders media
supplemented with 10% FBS (JRH), penicilin/streptomycin and glutamine (Cherry and
Perrimon, 2004). BHK21 cells were maintained in DMEM/10% FBS (Sigma), penicilin/
streptomycin, and glutamine. Antibodies were obtained from the following sources: anti-
GFP (Invitrogen; different lots have different background bands), anti-tubulin (Sigma), anti-
VSVG (gift from R. Doms), anti-VSVM (gift from D. Lyles and R. Hardy), anti-phospho-
Akt and anti-total Akt (Cell Signaling). Polyclonal rabbit Anti-Atg8 was generated against
peptide (FDKRRAEGDKIRRKYPDR) and affinity purified by ProSci. Fluorescently
labeled secondary antibodies were obtained from Jackson Immunochemicals, and other
secondary antibodies from Amersham. Additional chemicals were obtained from Sigma.

Virus and Viral Components
VSV-eGFP (a kind gift from J. Rose) was grown in BHK cells as described (Ramsburg et
al., 2005). VSV was UV inactivated as described (Iwasaki, 2007). Viral RNPs were purified
as described (Gupta et al., 1995) and the viral RNA was purified from the RNP using Trizol
following the manufacturer’s protocol. To generate VSV G VPs 293Ts were transfected
with pVSV G (Invitrogen) using Fugene HD following the manufacturer’s protocol.
Supernatant was clarified, ultracentrifuged through a 20% sucrose cushion, and resuspended
in PBS.

RNAi and infections
dsRNAs for RNAi were generated and used for RNAi for three days as described (Cherry et
al., 2005). Amplicons used are described at http://flyrnai.org. Cells were passaged into
serum free media supplemented with dsRNA at 250ng/20,000 cells. One hour later,
complete media was added. Three days later cells 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. Briefly, cells were
fixed in 4% formaldehyde/PBS, washed in PBS/0.1% TritonX-100 (PBST) twice, and
blocked in 2%BSA/PBST. Primary antibody was diluted in block and incubated overnight at
4°C. Cells were washed three times in PBST, and incubated in secondary antibody for one
hour at room temperature. Cells were counterstained with Hoechst33342 (Sigma) and
imaged using an automated microscope (ImageXpress Micro). Three wells per treatment,
three sites per well were collected. Quantitation was performed using automated image
analysis software (MetaXpress). Experiments were performed at least three times.

Drosophila S2* cells were transfected with pMT-Gal4 and UAS-GFP-LC3 using Effectene
(Qiagen) following the manufacturer’s protocol. 2 days later the cells were induced with
500uM CuSO4 and 24 hours later, the cells were either infected or uninfected at an MOI=30
or transfected with Flag-RAN along with viral RNA or RNP. 20 hours later the cells were
fixed, counterstained with Hoescht33342 and processed for fluorescence microscopy. >150
cells per treatment were counted for each experiment.

Hemocytes of the indicated genotype were obtained by dissection of 3rd instar larvae in
complete Schneiders media. Fifteen larvae were pooled for each of two independent
experiments. Cells were either uninfected, or infected with VSV (MOI=30) fixed and
stained with Hoechst33342 and imaged on an inverted scope (Leica).
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For lysotracker staining of adult flies their abdomens were dissected in complete media and
treated with 100nM Lysotracker Red, counterstained with Hoescht33342 for 10 min at room
temp, and mounted in complete media. The dissected fat bodies were imaged on an inverted
scope (Leica). Three animals per genotype were imaged for each of three independent
experiments.

Immunoblotting, Northern blots and Titers
Cell or flies were collected at the time points indicated. The cells or flies were lysed in
radioimmunoprecipitation assay (RIPA) buffer supplemented with a protease inhibitor
cocktail (Boehringer). Samples were separated by 10% SDS-PAGE and blotted as
previously described (Cherry and Perrimon, 2004). For Northern blot analysis, cells or flies
were lysed and total RNA was extracted using Trizol (Invitrogen) according to the
manufacturer. Ten micrograms of total RNA was run on a 1% gel, transferred to Hybond N+

nylon and a radiolabelled probe was generated from the indicated gene. Experiments were
performed at least three times independently. For titering, cells were collected, freeze-
thawed and titered on BHK21 cells. Flies were crushed in DMEM/10% FBS and titered on
BHK21 cells.

Electron Microscopy
Cells were pre-treated with the indicated dsRNA for three days where indicated. Next, the
cells were infected at an MOI=5 for 20 hours and fixed in 2% PFA/2% glutaraldehyde in 0.1
M Sodium cacodylate buffer, pH 7.4 for 1 hour at RT, postfixed in 2% osmium tetroxide in
0.1M sodium cacodylate and enbloc stained with 2% aqueous uranyl acetate in maleate
buffer pH 5.2 for 30 minutes at RT. After dehydration in a graded ethanol series, cells were
removed from the dish in propyleneoxide embedded in Epon 812. Ultrathin sections (~70
nm) were mounted on mesh copper grids, stained with 2% uranyl acetate in acetone
followed by bismuth subnitrite and examined in a FEI-Tecnai T12 electron microscope and
digital images were collected using Gatan CCD camera at a primary magnification of
2100X. The number of intracellular organelles was measured by randomly counting at least
20 cells per treatment per experiment. At least two independent experiments were performed
for each comparison. Data was analyzed and plotted using R. Significance was assessed
using a Wilcoxon test.

Adult Infections
All flies were obtained from the Bloomington stock center unless stated otherwise, and were
maintained on standard medium at room temperature. Flies carrying UAS-Atg12IR or UAS-
Atg7IR (gift of T. Neufeld) or UAS-Atg18IR (VDRC) were crossed to Actin-GAL4/+ flies
at room temperature. Flies wild type (w1118), UAS-PTEN, UAS-Δp60 (gift of M.
Birnbaum) or UAS-Akt IR (VDRC) were crossed to heat-shock GAL4. Heat-shock PTEN
flies were crossed to Atg1 heterozygous flies (Atg1(00305)). On the day of injection the
progeny were heat shocked at 37°C for one hour and shocked every two days throughout the
experiment. 4–7 day old adults of the stated genotypes were inoculated with VSV-gfp as
previously described (Cherry and Perrimon, 2004). Groups of at least 20 flies were
challenged for mortality studies and a log-rank test was used to determine significance.
Insulin (1mg/mL) was injected in the presence or absence of VSV-gfp. Flies were processed
at the indicated time point post infection. Flies carrying UAS-eGFP-huLC3 were crossed to
Hemolectin-Gal4 to drive expression in hemocytes (Goto et al., 2003; Rusten et al., 2004).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. VSV infects Drosophila cells
A. Schneider cells were infected with VSV-GFP at the indicated multiplicity of infection
(MOI) for the 20 hours. Cells were processed for immunofluorescence and imaged using an
automated microscope (ImagXpress Micro). Infected cells express GFP and the viral
glycoprotein, VSV-G and are counterstained with Hoechst 33342 to observe nuclei. B. Viral
antigen production at the indicated MOI at 24 hours post infection was measured by
immunoblot against the virally produced antigen GFP or the cellular control tubulin. These
data show a representative experiment; similar findings were made in at least three
repetitions. C. Viral titers from cells infected with the indicated MOI of VSV at 24 hours
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post infection. These data show a representative experiment; similar findings were made in
at least two repetitions.
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Figure 2. Autophagy is antiviral in Drosophila cells
A. S2 cells were pre-treated with dsRNA against the autophagy genes Atg5, Atg8a, or Atg18
or control dsRNA (luciferase) for three days and then infected (MOI=1) for 20 hours and
processed for immunofluoresence and imaged as above. Infected cells express GFP and the
percent infection is calculated using automated image analysis (MetaXpress) from 3 wells, 3
sites per well. Loss of autophagy genes significantly increases VSV infection (p<0.05). B.
Depletion of autophagy genes also increases the production of viral antigens by immunoblot.
Cells pretreated with the indicated dsRNAs were infected (MOI=0.1) and processed for
Western blot at 24 hours post infection. Viral antigens were measured by anti-GFP and
normalized to the control protein tubulin. These data show representative experiments;
similar findings were made in at least three repetitions. C. Depletion of additional autophagy
genes by RNAi leads to an increase in the percent infection as compared to control dsRNA.
Data is shown for four independent experiments as the fold effect compared to control
dsRNA and the standard error is shown (MOI=0.1–0.25, 24 hours post infection); * p<0.05
student’s ttest.
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Figure 3. VSV infection activates autophagy independent of replication
A. VSV infection induces autophagosome formation as measured by electron microscopy.
Representative images are shown for cells that are either uninfected or infected at an
MOI=5, 20 hours post infection. B. Higher magnification images of autophagosomes in
VSV-infected cells. C. Active and UV-inactivated virus induce autophagic vesicles. Cells
were infected with UV-inactivated VSV-GFP as above. Autophagic bodies were counted for
at least 20 cells from each treatment and presented as a notched box plot. The horizontal
darkline represents the median for each category. The box represents the interquartile range
and the whiskers encompass the most extreme data values. The notches represent a
confidence interval for the median and nonoverlapping notches indicate different medians at
the 5% significance level. There is a significant difference between uninfected and infected
or UV-virus infected (* Wilcoxon test, p-value = 9.0e-5 and p-value =3.7e-3), respectively.
However, there is no significant difference in the number of autophagosomes per cell
between infected and UV-virus infected (Wilcoxon test, p-value = 0.22). D. The induction of
autophagic vesicles by VSV is Atg5-dependent. S2 cells were pre-treated with either control
(LacZ) or Atg5 dsRNA for 3 days and infected with VSV-GFP at an MOI=5 for 20 hours.
Autophagic bodies were counted for 35 cells from each treatment and presented as a notched
box plot. The horizontal black line represents the median for each category. Whiskers
include the most extreme data value. Nonoverlapping notches indicate different medians at
the 5% significance level. There is a significant difference between control and Atg5-
depleted cells (* Wilcoxon test, p-value = 1.2e-07). These findings were observed in at least
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two independent experiments. E. Immunoblot analysis of cells treated with control dsRNA
or dsRNA against Atg8 (Atg8a and Atg8b). Atg8 is observed in resting cells (Atg8-I,
~16kD). F. A smaller form of Atg8 is induced in cells that are serum starved, or infected
with VSV, or UV inactivated VSV (Atg8-II, ~14kD). These data show representative
experiments; similar findings were made in at least three repetitions.
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Figure 4. VSV infection induces autophagy in Drosophila cells
VSV induces autophagosomes as measured by LC3 re-localization. A. Drosophila cells
were transfected with a GFP-LC3 reporter (green). Cells were either uninfected or infected
with wild type VSV or UV inactivated VSV for 24 hours, fixed, probed with anti-VSVM
(Red) and with Hoechst 33342 (blue). A representative image is shown. Arrows indicate
GFP-LC3+ puncta. B. The percentage of cells with punctae were counted for five
experiments and fold change was graphed for cells that were uninfected (blue) infected with
wild type VSV (red) or UV inactivated VSV (green); error bars indicate standard deviation;
* p<0.01 student’s ttest. C. There is an increase in the number of punctae per cell upon
infection with either VSV or UV inactivated VSV graphed as the number of punctae per cell
normalized to 100% for each treatment (n>150 for each condition). D. The induction of
GFP-LC3 punctae is cell-autonomous. The percentage of cells with punctae were counted
for three experiments and fold change was graphed for cells that were either uninfected
(blue), infected (red), or uninfected in a well where 30% of the cells were infected (orange).
Only the infected cells have an increase in the GFP-LC3 punctae; error bars indicate
standard deviation; * p<0.01 student’s ttest. E. There is no increase in the percentage of cells
with punctae in cells that were transfected with viral RNA (red) compared to controls (blue).
The percentage of cells with punctae was counted for three experiments and fold change
was; error bars indicate standard deviation. F. There is no increase in the percentage of cells
with punctae in cells that were transfected with viral RNP (red) compared to controls (blue).
The percentage of cells with punctae was counted for three experiments and fold change was
graphed; error bars indicate standard deviation. G. There is an increase in the percentage of
cells with punctae in cells that were infected with VSV G+ VPs compared to blebs isolated
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from untransfected control cells. The average of three experiments is shown; error bars
indicate standard deviation; * p<0.01 student’s ttest.
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Figure 5. VSV infection induces autophagy in primary cells and in adult flies
A. Primary hemocytes expressing GFP-LC3 (Hml-gal4>UAS-eGFP-huLC3, green) were
either uninfected or infected ex vivo for two hours, then fixed and stained with Hoescht
33342 to visualize nuclei (blue) by fluorescence microscopy. A representative image is
shown. B. Percentage of cells with punctae were counted (n>40 for each condition). Error
bars indicate range of two independent experiments. Increased punctae formation is
observed in the infected cells; * p<.001, chi-square test in each experiment. C. Adult wild
type flies were infected with VSV-GFP for three days. The flies were monitored for
infection (GFP+) and autophagy (Lysotracker+) and counterstained with Hoescht 33342 to
observe the nuclei. There is increased Lysotracker staining in the infected cells in vivo in the
animal. White arrows indicate that cells that are Lysotracker+ are also GFP+. Blue arrows
(merged image) show that the GFP− cells throughout the tissue are not Lysotracker+. These
data show representative experiments; similar findings were made in at least three
repetitions.
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Figure 6. Autophagy is antiviral in adult flies
A. Adult flies expressing ubiquitous and high level dsRNA against Atg18 (Actin-Gal4;
UAS-Atg18IR) or sibling controls (+; UAS-Atg18IR) were challenged with 104 pfu VSV
and morbitity was monitored as a function of time post-infection. Log rank test reveals that
loss of Atg18 significantly increases susceptibility (p<0.001). A representative experiment is
shown; similar findings were made in at least three experiments. B. Adult flies expressing
ubiquitous and high level dsRNA against Atg18 (Actin-Gal4; UAS-Atg18IR) or their sibling
controls (+; UAS-Atg18IR) were challenged with VSV and monitored over time for viral
replication as measured by immunoblot against virally produced GFP and normalized to a
cellular control protein. * indicates a non-specific band. C. Adult flies expressing ubiquitous
and high level dsRNA against Atg18 (Actin-Gal4; UAS-Atg18IR, red bars) or their sibling
controls (+; UAS-Atg18IR, blue bars) were challenged with VSV and monitored over time
for viral replication as measured by viral titers. Plaque assays reveal a significant increase in
viral titers in Atg18-depleted flies post infection. D. Adult flies expressing ubiquitous and
high level dsRNA against Atg18 (Actin-Gal4; UAS-Atg18IR) or their sibling controls (+;
UAS-Atg18IR) were challenged with VSV and monitored over time for viral replication as
measured by Northern blot. There is a significant increase in the levels of GFP RNA in the
Atg18-depleted animals. E. Adult flies expressing ubiquitous and high level dsRNA against
Atg7 (Actin-Gal4; UAS-Atg7IR) or their respective sibling controls (+; UAS-Atg7IR) were
challenged with VSV and monitored over time for viral replication as measured by Northern
blot. There is a significant increase in the levels of GFP RNA in the Atg7-depleted animals.
F. Adult flies expressing ubiquitous and high level dsRNA against Atg12 (Actin-Gal4;
UAS-Atg12IR) or their respective sibling controls (+; UAS-Atg12IR) were challenged with
VSV and monitored over time for viral replication as measured by Northern blot. There is a
significant increase in the levels of GFP RNA in the Atg12-depleted animals.
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Figure 7. The PI3K/Akt pathway controls autophagy and viral replication in adult flies
A. Flies carrying a heat-shock inducible Gal4 were crossed to UAS-PTEN, UAS-Δp60 or
control at room temperature. Progeny were collected and heat shocked at 37°C for one hour
on the day of infection and every two days following challenge. Viral replication was
monitored over time for viral replication by immunoblot against virally produced GFP and
normalized to cellular proteins. A significant decrease in viral replication was observed post
infection. B. Flies carrying a heat-shock inducible PTEN were crossed to flies heterozygous
for a mutant Atg1 allele at room temperature. Progeny were collected and heat shocked at
37°C for one hour on the day of infection and every two days following challenge. Viral
replication was monitored over time for viral replication by immunoblot against virally
produced GFP and normalized to a cellular control protein. A significant increase in viral
replication was observed in the heterozygous animals post infection. C. Flies carrying a
heat-shock inducible Gal4 were crossed to UAS-Akt IR, at room temperature. Progeny were
collected and heat shocked at 37°C for one hour on the day of infection and every two days
following challenge. Viral replication was monitored over time for viral replication by
immunoblot against virally produced GFP and normalized to cellular proteins. A significant
decrease in viral replication was observed post infection. D. Flies were injected with insulin
in the presence or absence of VSV. Phospho-Akt and Total-Akt were monitored by
immunoblot. A significant decrease in Phospho-Akt was observed post VSV infection.
These data show representative experiments; similar findings were made in at least three
repetitions.
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