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Summary

The emerging arthropod-borne flavivirus Zika virus (ZIKV) is associated with neurological
complications. Innate immunity is essential for the control of virus infection, but the innate
immune mechanisms that impact viral infection of neurons remain poorly defined. Using the
genetically tractable Drosophila system we show that ZIKV infection of the adult fly brain leads to
NF-kB-dependent inflammatory signaling, which serves to limit infection. ZIKV-dependent NF-
kB activation induces the expression of Drosophila stimulator of interferon genes (STING) in the
brain. dSTING protects against ZIKV by inducing autophagy in the brain. Loss of autophagy led
to increased ZIKV infection of the brain and death of the infected fly, while pharmacological
activation of autophagy was protective. These data suggest an essential role for an inflammation-
dependent STING pathway in the control of neuronal infection and a conserved role for STING in
antimicrobial autophagy, which may represent an ancestral function for this essential innate
immune sensor.

In Brief

Innate immune mechanisms that protect neurons against Zika virus infection remain unclear. In a
Drosophila model of infection, Liu et al. show that ZIKV is largely restricted to the brain, where it
is controlled by the inflammatory, NF-kB-dependent, expression of Drosophila STING, which is
required to induce antiviral autophagy.
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Introduction

Zika virus (ZIKV) is a member of flavivirus genus of RNA viruses that includes dengue,
West Nile and yellow fever viruses (Fields et al., 2013; Lazear and Diamond, 2016). ZIKV
is arthropod-borne and largely transmitted by Aedes mosquitoes, but can also be transmitted
by other routes (D’Ortenzio et al., 2016; Yockey et al., 2016). The recent global emergence
of ZIKV has produced considerable concern because of its potential to cause serious
neurological complications during fetal development (Franca et al., 2016; Rodrigues, 2016).
While most infections of humans are self-limiting, ZIKV can infect the fetal brain during
pregnancy, resulting in significant brain abnormalities (Mlakar et al., 2016; Rubin et al.,
2016). This has led to extensive research into cellular tropism of ZIKV (Dang et al., 2016;
Lazear et al., 2016; Li et al., 2016b; Li et al., 2016c; Miner and Diamond, 2017; Oh et al.,
2017; Tang et al., 2016). ZIKV most prominently infects neural stem cells and progenitors
of the developing central nervous system (Dang et al., 2016; Li et al., 2016b; Tang et al.,
2016). Neural precursors infected with ZIKV are severely affected explaining why the fetal
brain, which has abundant neuroprogenitors, supports widespread infection accompanied by
brain damage (Dang et al., 2016; Li et al., 2016a; Li et al., 2016b; Tang et al., 2016). In
contrast, ZIKV infection of adults has fewer deleterious consequences to the adult brain,
with rare cases of encephalitis (da Silva et al., 2017; Munoz et al., 2017; Zhu et al., 2017).
The innate mechanisms that control ZIKV infection of mature neurons are poorly
understood.

Drosophila melanogaster has been a powerful model for elucidating molecular mechanism
involved in innate immunity (Lemaitre and Hoffmann, 2007). As in higher organisms, NF-
kB-dependent inflammatory signaling cascades are activated by diverse microbial infections
(Buchon et al., 2014; Kleino and Silverman, 2014). This leads to the transcriptional
induction of downstream antimicrobial effectors including anti-microbial peptides (AMPs)
that can attenuate or clear infection (Buchon et al., 2014; Kleino and Silverman, 2014).
While the antibacterial and antifungal effectors downstream of NF-kB signaling are well
characterized, the roles of these pathways in antiviral defense remain poorly understood.
During systemic infection, NF-kB pathways have been implicated in the control of some
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viral infections, but the mechanisms are unclear (Avadhanula et al., 2009; Costa et al.,
2009). In the gut, NF-kB signaling is required downstream of the microbiota to prime
antiviral immunity through the production of an antiviral cytokine, Pvf2 (Sansone et al.,
2015). The role of NF-kB signaling in innate immune defense against pathogens in the brain
has not been explored.

Autophagy is another conserved antimicrobial effector pathway that can be induced by
infections. Autophagy is an ancient degradative pathway that involves the targeted
sequestration of cytoplasmic contents in double-membrane vesicles, autophagosomes, which
fuse with lysosome to degrade the engulfed cargo (He and Klionsky, 2009; Levine and
Kroemer, 2008; Mizushima and Komatsu, 2011). Capture of microbes or microbial
components leads to their degradation, protecting cells from infection (Deretic and Levine,
2009; Levine et al., 2011). Activation of antimicrobial autophagy can protect cells from
diverse pathogens including bacteria, viruses and eukaryotic parasites from flies to mammals
(Campoy and Colombo, 2009; Choi et al., 2014; Gutierrez et al., 2004; Jia et al., 2009; Lee
and Iwasaki, 2008; Moy et al., 2014; Nakagawa et al., 2004; Nakamoto et al., 2012; Shelly
et al., 2009; Sumpter and Levine, 2010; Yano et al., 2008). Non-lytic autophagic clearance
of pathogens has been shown to be critical in mature neurons which cannot self-renew
(Nixon and Yang, 2012; Yoshimori, 2010). And defects in autophagy can lead to increases in
pathogenesis and/or infection by some neurotropic viruses (Moy et al., 2014; Orvedahl et al.,
2010; Yordy et al., 2012).

Diverse mechanisms can activate autophagy during viral infections. In some cases
attenuation of nutrient signaling can lead to the activation of antiviral autophagy (Moy et al.,
2014; Shelly et al., 2009). In other cases autophagy genes themselves can be induced
(Levine et al., 2011). Furthermore, STING is a signaling molecule that can be activated
during virus and bacterial infections, and can induce autophagy (Barber, 2015; Ishikawa and
Barber, 2008; Ishikawa et al., 2009; Moretti et al., 2017; Watson et al., 2015; Xu et al.,
2012). While STING can be activated by both endogenous and bacterially-derived cyclic
dinucleotides, increased expression of ST/NG mRNA is also sufficient to induce (Burdette
et al., 2011; Burdette and Vance, 2013; Ishikawa and Barber, 2008; Ishikawa et al., 2009).
Roles for STING in antiviral autophagy have not been described and while Drosophila
encodes a ST/NG ortholog (CG1667) it has not been directly implicated in immune defense.

In this study, we have developed a fly model to study innate immune responses to ZIKV
infection. We show that ZIKV infects the fly brain, but is controlled by NF-kB-dependent
inflammatory signaling that activates the expression of dST/NG to attenuate ZIKV infection
of the brain. This pathway is required for antiviral autophagy in neurons which is necessary
and sufficient to control infection. Indeed, loss of autophagy leads to increased ZIKV
replication and death of the animal while pharmacological activation can block infection of
the brain. Altogether, we describe inflammatory and STING mediated autophagy as an
antiviral innate defense mechanism against ZIKV infection that plays an essential role in the
control of infection of the brain.
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Results
ZIKV targets the fly brain

Drosophila is a powerful model system to identify genes important in innate immunity and
viral infections (Buchon et al., 2014; Lamiable and Imler, 2014; Xu and Cherry, 2014).
Moreover, we have previously used this system to uncover host factors that regulate
arbovirus infection including flaviviruses such as West Nile virus and dengue virus (Hackett
et al., 2015; Xu and Cherry, 2014; Xu et al., 2012; Yasunaga et al., 2014; Zhang et al.,
2016). Therefore, we set out to develop a fly model to study the related flavivirus, ZIKV. To
this end, we systemically challenged Drosophila with ZIKV (MR766) and monitored the
level of infection by RT-gPCR and found that the levels of ZIKV RNA increased over time
(Figure 1A). Next, we infected flies and dissected various tissues 7 days post infection (dpi)
and observed that the highest levels of ZIKV RNA were within the brain (Figure 1B). A
time course revealed increasing ZIKV RNA in the brain over time (Figure 1C). Furthermore,
ZIKV virus load also increased over time in heads and was substantially higher than the
bodies (Figure 1D). Confocal microscopy of the fly brain using an anti-ZIKV envelope
antibody revealed widespread infection of the brain (Figure 1E). Taken together, these data
reveal that ZIKV productively infects and replicates in the fly brain.

RNAI pathway is not antiviral against ZIKV

We next set out to determine the innate immune responses active against ZIKV infection in
the fly brain. RNA interference (RNAI) is a well-established antiviral pathway that controls
many diverse viruses in Drosophila(Gammon and Mello, 2015). We challenged flies mutant
for either of two core components of the RNAI pathway, Dcr-2and Ago2, to test if RNAI
plays a role in limiting ZIKV replication either systemically or in the brain. We monitored
ZIKV infection both of the whole animal, as well as in the head. Perhaps surprisingly, we
found no change in ZIKV RNA levels in either the whole flies or in the heads of mutant flies
relative to controls (Figure 2A). As a positive control, we also tested Sindbis virus (SINV)
which has been previously shown to be controlled by antiviral RNAi systemically (Galiana-
Arnoux et al., 2006). In contrast to our results with ZIKV, AgoZ2 mutants exhibited 30-fold
increases in SINV replication systemically and 8-fold increases in the head (Figure 2B).
These results suggest that the RNAI pathway is active in the brain, but that ZIKV may
encode a suppressor of the antiviral RNAI pathway and is thus controlled by other antiviral
pathways (Gammon and Mello, 2015; Samuel et al., 2016).

ZIKV induces antiviral NF-kB signaling in the brain

The inflammatory NF-xB pathways, TOLL and IMD, are involved in diverse immune
responses in flies including some viral infections (Avadhanula et al., 2009; Buchon et al.,
2014; Costa et al., 2009). Therefore, we next explored whether these pathways are activated
upon ZIKV infection of the brain. Compared to uninfected flies, we observed that the IMD
pathway target gene Diptericin (Dip? was significantly induced upon ZIKV challenge in
whole flies and heads, but not in bodies (Figure 3A). This was specific to the IMD pathway,
since no change in the TOLL pathway target gene Drosomycin (Drs) was observed upon
ZIKV infection (Figure 3B). As expected, we found that this activation was dependent on

Cell Host Microbe. Author manuscript; available in PMC 2019 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 5

Relish, the NF-kB transcription factor in the IMD pathway. Flies carrying a loss-of-function
Relishallele (E38) no longer showed ZIKV-dependent induction of Diptericin (Figure 3C).

Next, we tested whether ZIKV replication was controlled by this pathway. We challenged
Relish mutant flies with ZIKV and monitored viral RNA and titers in the brain. Compared to
sibling controls, Relish mutant flies exhibited increased viral infection compared to sibling
controls by both assays, indicating that the NF-kB pathway controls ZIKV infection (Figure
3D-E). Moreover, we observed increased lethality in Re/ish mutant flies challenged with
ZIKV (Figure 3F). There are two major cell types in the brain, neurons and glia. Therefore,
we set out to determine whether IMD signaling was required in neurons or glia or both. We
specifically depleted Relish using a validated in vivo RNAI line and a neuron-specific gal4
driver (elav-gal4) or a glia-specific gal4 driver (repo-gal4) (Morris et al., 2016; Sepp et al.,
2001). Depletion of Relish in neurons or glia led to increased ZIKV infection (Figure 3G).
And loss of Relish in neurons and glia significantly, but modestly decrease in Diptericin
expression (Figure S1A). IMD pathway activation is initiated by the pattern recognition
receptors, Peptidoglycan Recognition Proteins-LC or -LE (PGRP-LC or —LE). We
challenged flies mutant for both PGRP-LCand LE or sibling controls, and found ZIKV
RNA was significantly elevated in PGRP-L C/L E mutant whole flies and heads (Figure S1B).
Collectively these data show that ZIKV infection induces IMD pathway NF-kB signaling
and furthermore that this is required to restrict viral replication in the brain.

dSTING is induced by ZIKV-induced NF-kB signaling and is antiviral

To determine the downstream Relish-dependent genes that control viral infection we
performed transcriptional profiling on flies either uninfected or infected with the model virus
Drosophila C virus for 9h. We profiled three independent experiments, identifying 145 genes
that were induced at least 2-fold with a false discovery <0.05 (Table S1). Gene ontology
(GO) enrichment found that “‘defense response to bacterium’ and related categories were
highly enriched (Figure 4A). Canonical IMD dependent genes including antimicrobial
peptides were some of the highest induced genes (Table S1). 37 of these genes were
identified by De gregorio et al. as NF-kB-dependent genes, and 25 of these genes were
identified by Dosert et al. as virus-induced (Table S1) (De Gregorio et al., 2001; Dostert et
al., 2005). Interestingly, Relishwas also transcriptionally induced. Altogether, these data
suggest that we identified virus-induced Relish-dependent genes.

When mining this dataset for innate immune regulators that may control viral infections we
found that the fly ortholog of ST/NG, encoded by CG1667, was induced 2.8-fold in our
study and was also identified by Dosert, et al. as virally induced (Dostert et al., 2005;
Kranzusch et al., 2015). To determine if ZIKV infection induces dST/NG expression, we
challenged flies with ZIKV and monitored the level of dST/NG by RT-gPCR. Compared to
uninfected flies, we found dST/NG expression was significantly induced upon ZIKV
challenge in the fly head (Figure 4B). Moreover, we found that Re/ish expression was also
induced upon ZIKV infection in fly heads (Figure S2A). We tested whether induction of
aSTING was dependent on Relish by challenging Relish mutants or heterozygous sibling
controls with ZIKV. Indeed, we found that ZIKV-induced adST/NG expression is Relis/+
dependent (Figure 4C).
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We obtained a P-element insertion allele of dSTING (£Y06491) and observed decreased
expression of dST/ING as measured by RT-qPCR (Figure S2B). Compared to sibling
controls, Sting=”EF flies exhibit a significantly elevated level of ZIKV viral load in whole
flies and heads but not in bodies (Figure 4D). To determine whether dSTING is required in
neurons or glia or both, we use elav-gal4 or repo-gal4to deplete dSTING in neurons or glia
respectively. We validated knockdown by qRT-PCR (Figure S2C). Depletion of dSTING in
neurons led to increased replication of ZIKV (Figure 4E). In contrast, depletion of dSTING
in glia did not significantly impact ZIKV infection (Figure 4E), which could be due to the
poor depletion (Figure S2C). Altogether, these data suggest that NF-kB is upstream, and
restricts ZIKV replication through induced dS7/NG expression.

ZIKV infection activates autophagy in the fly brain

Since we found that dSTING is downstream of inflammatory NF-kB signaling in the brain,
we reasoned that it may be inducing antiviral effector mechanisms. Recent studies found that
STING can induce autophagy to resist intracellular pathogens (Moretti et al., 2017; Watson
et al., 2015). Autophagy plays important roles in protection of neurons from diverse
stressors including viral infection (Levine et al., 2011; Moy et al., 2014; Orvedahl and
Levine, 2008; Orvedahl et al., 2010; Yordy et al., 2012). Autophagy can capture intracellular
pathogens including viruses to clear infection in the absence of cell death which would be
beneficial to mature neurons (Orvedahl and Levine, 2008; Sumpter and Levine, 2011).
Moreover, autophagy has been shown to play important roles in the restriction of several
arboviruses (Moy et al., 2014; Nakamoto et al., 2012; Shelly et al., 2009). Therefore, we
monitored autophagy during ZIKV infection. One hallmark of autophagy is the lipidation of
LC3 (dAtg8) where the unmodified form, Atg8-I, is conjugated to phosphatidylethanolamine
and its lipidated form, Atg8-11, is associated with the growing autophagosomal membrane
(Deretic et al., 2013). An elevation in Atg8-11 levels indicates autophagy activation.
Compared to uninfected flies, we observed an increase in Atg8-11 accumulation upon ZIKV
challenge. This was more apparent in the head samples, suggesting ZIKV infection activates
autophagy in the brain (Figure 5A-B).

To further confirm increased autophagy in the infected brain, we challenged flies
ubiquitously expressing mCherry tagged Atg8 (Actin-gal4) (Chang and Neufeld, 2009).
Basally, mCherry-Atg8 is diffuse and difficult to detect. However, upon autophagy
induction, mCherry-Atg8 accumulates in autophagic punctae which can be observed by
microscopy (Chang and Neufeld, 2009). As expected, we found diffuse and weak signal in
the uninfected brain; however, during ZIKV infection we observed an increase in cells
containing mCherry foci in the brain (Figure 5C—-E). Taken together, these data suggest that
ZIKV infection induces autophagy in the fly brain.

Autophagy restricts ZIKV infection in adult flies

Next, we investigated whether autophagy limits ZIKV infection. We used heat shock
inducible gal4 (HS-gal4) to silence core autophagy genes Afg5and Afg7 using established
in vivo RNAI transgenic flies (Scott et al., 2004). Compared to sibling controls, flies
inducibly and ubiquitously deficient in core autophagy genes harbored significantly
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increased levels of ZIKV RNA in whole flies and heads (Figure 6A). In addition, ZIKV
titers were increased in Atg5-deficient heads (Figure 6B).

Autophagy captures intracellular cargos through the use of cargo receptors (Stolz et al.,
2014). Drosophila encodes two well characterized autophagy cargo receptors, the p62
ortholog Ref(2)Pand the ALFY ortholog Bchs (Nezis, 2012). We determined whether either
cargo receptor is antiviral against ZIKV. While bchs-deficient animals did not show
increased levels of infection, heat shock driven depletion of Ref(2)P led to loss of the mRNA
accompanied by increased infection of ZIKV in whole flies and heads (Figure 6A, Figure
S3).

To determine whether autophagy is required in neurons or glia or both to control ZIKV
infection, we specifically depleted Atg5 in neurons using e/av-gal4 and glia using repo-gal4.
Loss of autophagy in either compartment led to increased replication of ZIKV (Figure 6C).

Since RNAI leads to hypomorphic phenotypes we also challenged Afg5 null mutants (5¢c5)
(Kim et al., 2016). Atg5 null flies exhibit an increased level of ZIKV RNA in whole flies
and heads compared to heterozygous sibling controls (Figure 6D). In addition, whereas
sibling controls survived infection, Afg5 null animals succumbed to ZIKV infection (Figure
6E).Therefore, autophagy is essential for control of ZIKV infection, and limits pathogenesis.

NF-kB-dependent dSTING-dependent autophagy controls ZIKV infection

Taken together, these data suggest that ZIKV-induces Relish-dependent dST/ING expression
which is required for antiviral autophagy. To test this model we first challenged Relish
mutant flies with ZIKV and monitored Atg8-11 accumulation by immunoblot. ZIKV-induced
Atg8-11 accumulation was apparent in heterozygous control flies but lost in Relish mutant
heads (Figure 7A). Next, we tested whether dSTING is also required for ZIKV-induced
autophagy. Again, while heterozygous control flies show increased Atg8-11 upon ZIKV
infection in the head, dST/NG mutants are unable to mount this response (Figure 7B). These
data show that Relish and dSTING are required for ZIKV-induced autophagy. Altogether,
these data suggest that neurons respond to ZIKV infection by inducing inflammatory
signaling which induces STING dependent autophagy to restrict infection.

Activation of autophagy blocks ZIKV infection of the brain

Given the importance of autophagy in attenuating ZIKV infection of the brain, we reasoned
that activation of autophagy prior to infection may limit infection. To accomplish this goal
we fed flies rapamycin, a potent activator of autophagy, and subsequently challenged with
ZIKV. We found that rapamycin treatment protected the brain from ZIKV infection (Figure
7C). These data demonstrate the essential role that autophagy plays in impacting neuronal
infection and pathogenesis.

Discussion

Encephalitic viruses cause severe disease. Our understanding of the innate mechanisms that
restrict neuronal infections is limited, thus making it difficult to devise new treatment
strategies. We set out to develop a model system to explore innate and intrinsic mechanisms

Cell Host Microbe. Author manuscript; available in PMC 2019 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 8

that control ZIKV infection of the adult brain and found that ZIKV specifically infects the
adult fly brain, but this infection is limited. We found, in contrast to many other RNA
viruses, ZIKV is not restricted by the RNAI pathway in the fly. Instead, we found that ZIKV
induces NF-kB-dependent inflammatory signaling in the fly brain. This transcriptional
response induces the expression of dSTING, which activates antiviral autophagy in neurons.
Loss of autophagy, dependent on the NF-kB transcription factor Relish and dSTING, leads
to uncontrolled viral replication and death of the animal. Importantly, pharmacological
activation of autophagy was protective, suggesting a path toward neuronal protection.

Inflammatory signaling in flies

Drosophila encodes two parallel inflammatory, NF-kB-dependent, signaling pathways that
regulate the expression of a battery of antimicrobial effectors including antimicrobial
peptides (AMPS) (Buchon et al., 2014; Lemaitre and Hoffmann, 2007). These inflammatory
pathways have been best characterized for their anti-fungal and anti-bacterial activities;
however, some studies have shown that NF-kB-dependent genes can be modestly induced by
systemic viral infections (Avadhanula et al., 2009; Deddouche et al., 2008; Zambon et al.,
2005). Moreover, flies deficient for the NF-kB transcription factor Relish harbor increases in
the systemic infection of some viruses (Avadhanula et al., 2009; Costa et al., 2009;
Deddouche et al., 2008; Zambon et al., 2005). The mechanism by which Relish impacts
these particular infections is unclear, and may be related to differences in tissue tropism of
these viruses. Specifically in the gut, we found that gram negative commensals prime the
NF-kB transcription factor Relish for the virus-induced expression of an antiviral cytokine
(Sansone et al., 2015).

Roles for Relish in antiviral or antimicrobial defense of the brain have not been explored.
However, there are clear roles for this signaling pathway in neuronal homeostasis and
protection from neurodegeneration (Cantera and Barrio, 2015; Cao et al., 2013; Kounatidis
et al., 2017; Petersen et al., 2013). Autophagy is also essential for protection from
neurodegeneration in flies and higher organisms suggesting that autophagy regulation is an
essential component of neuronal stress responses and maintenance of neuronal homeostasis
(Frake et al., 2015; Kim et al., 2017). In the brain, we found that the NF-kB transcription
factor was required for the transcriptional induction of dSTING which activated antiviral
autophagy.

Conservation of STING

STING was first identified in an ectopic expression screen for activators of type I interferons
hence named stimulator of interferon genes (Ishikawa and Barber, 2008). STING is antiviral
against both DNA and RNA viruses (Barber, 2015; Ishikawa and Barber, 2008; Ishikawa et
al., 2009). While STING activation of IRF3 and type | interferon transcription was the first
identified downstream activity of STING, STING can also activate NF-kB signaling and
autophagy in mammalian cells (Ishikawa et al., 2009; Moretti et al., 2017; Watson et al.,
2015). Bioinformatic analyses revealed the presence of STING orthologs in most animal
phyla, including insects (Kranzusch et al., 2015; Margolis et al., 2017). STING can be
activated by binding to cyclic dinucleotides (CDNs) and biochemical studies revealed an
ancient ability of STING to bind CDNs (Burdette et al., 2011; Wu et al., 2013). However,
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insect genomes, including Drosophila, encode a clear ST/NG ortholog that did not bind the
CDN:s tested (Kranzusch et al., 2015). While STING has clear one-to-one orthologs, cGAS,
the enzyme that produces CDNs upon DNA recognition in mammals, is less well conserved
(Kranzusch et al., 2015; Margolis et al., 2017).

While STING is clearly conserved, the domain required for activation of NF-kB and IRF3
arose during vertebrate evolution (Margolis et al., 2017). IRFs also arose during vertebrate
evolution, and Monosiga bevicollis, the most ancestral organism with a clear STING
ortholog, lacks NF-kB pathway components. Altogether, these data suggest that the ancestral
function likely predates those that emerged later, including IRF3 induction and NF-kB
activation. STING stimulates autophagy in mammals (Moretti et al., 2017; Watson et al.,
2015) which is an ancient innate immune pathway that targets and kills intracellular bacteria
and viruses from flies to humans (Levine et al., 2011; Sumpter and Levine, 2010). The deep
conservation of autophagy, and our data together suggests that regulation of autophagy
pathway may be the ancestral function of STING.

Since we had also observed dS7/NG induction during DCV infection, we also tested
whether dSTING impacts systemic DCV infection. We challenged Sting="/€F or sibling
controls with DCV and found that mutant flies were more susceptible to infection as
measured by RT-gPCR (Figure S4A). However, this is not through NF-kB or autophagy as
Relish mutants and Atg5 mutants were not more susceptible to infection (Figure S4B-C).
Therefore, there are likely additional cell-type specific mechanisms by which dSTING is
antiviral.

ZIKV and autophagy

While autophagy can be used by neurons to both clear viral infection and promote cell
survival, at least against some viruses, autophagy is not always antiviral, and can promote
some viral infections (Dong and Levine, 2013; Lennemann and Coyne, 2015). ZIKV
displays diverse tissue tropism (Miner and Diamond, 2017), and infection induces
autophagy in many cell types (Chiramel and Best, 2017). Proviral roles for autophagy during
ZIKV infection have been demonstrated in epithelial cells, fibroblasts, and human fetal stem
cells, all dividing cells that can potentially self-renew albeit to varying extents (Cao et al.,
2017; Hamel et al., 2015; Liang et al., 2016). Studies at the maternal-fetal interface have
shown that primary human trophoblasts, which are post-mitotic, use autophagy to restrict
infections including ZIKV (Delorme-Axford et al., 2013). Recent studies in murine systems
found that mice harboring a hypomorphic allele of A7G16L 1, a gene required for autophagy,
showed decreased ZIKV infection of placental tissues (Cao et al., 2017). In addition, ZIKV
and other flaviviviruses replicate within the ER, and reticulophagy which is selective
autophagy of the ER, limits these viral infections (Lennemann and Coyne, 2017). Therefore,
depending on the cell type and context, autophagy can interface with ZIKV in diverse ways.
The role of autophagy during ZIKV infection of mature mammalian neurons has not been
explored, although it is clear that these cells have restrictive mechanisms as infection of
these cells is difficult (Zhu et al., 2017). And we suggest that autophagy may play a role in
restricting ZIKV infection of mature neurons. Indeed, studies with the related West Nile
virus found that in non-neuronal cells autophagy did not limit infection while
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pharmacological activation of autophagy protected neurons from WNV infection and death
(Martin-Acebes et al., 2015; Shoji-Kawata et al., 2013; Vandergaast and Fredericksen,
2012).
Conclusion

Viral infection of neurons is pathogenic, yet the factors that govern innate control in neurons
remain incompletely understood. By taking advantage of Drosophilawe have defined the
essential role that inflammatory dependent STING activation plays in inducing antiviral
autophagy in the brain. Our discovery that dSTING is an essential mediator of innate
defenses in Drosophila provides further support for an ancient and conserved pathway that
may have evolved to target intracellular pathogens for autophagic degradation. While
pharmacological activation of autophagy restricted infection of the brain, this may not be a
tenable strategy since ZIKV infection of other tissues may be exacerbated. Likewise,
blocking autophagy may reduce infection of some tissues, while enhancing infection of the
brain. A clearer understanding of tissue specific responses is required for us to define the
appropriate therapeutics during infection by viruses, such as ZIKV, which display diverse
tissue tropisms.

STAR METHODS
KEY RESOURCES TABLE
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Sara Cherry (cherrys@pennmedicine.upenn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila melanogaster

All fly stocks used in this study are Wolbachia-free and listed in Key Resources Table. Flies
were maintained on standard cornmeal medium at room temperature. Four- to seven-day-old
adult female flies were used for all molecular experiments and male flies were used for the
survival experiments.

Zika Virus
ZIKV (MR766) was obtained from Michael Diamond. ZIKV were grown in C636 cells as
described (Rausch et al., 2017).

Sindbis Virus

SINV (hrSp) was obtained from Richard Hardy. SINV were grown in C636 cells as
described

(Rose et al., 2011).
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Drosophila C Virus

Drosophila C Virus (DCV) was obtained from Peter Christian (Johnson and Christian,
1999).

DCV were grown and purified as described (Cherry and Perrimon, 2004).

METHOD DETAILS

Drosophila genetics and infection

Flies of the stated genotypes were inoculated with ~50nL of ZIKV (MR766), SINV (hrSp)
or DCV using an Eppendorf Femtojet as previously described (Cherry and Perrimon, 2004;
Rose et al., 2011; Yasunaga et al., 2014). Heat shock was performed by incubation at 37°C
for 1 hour every day for 3 days prior to infection. Once infected, flies were incubated at
37°C for 1 hour every other day for the duration of the experiment. Flies were processed at
the indicated time point post-infection. For Rapamycin treatment, flies were provided a
PBS-only diet overnight and then starved for one hour to synchronize ingestion. Then flies
were fed Rapamycin (100uM, with a final concentration of 5% ethanol) or vehicle (5%
ethanol) in PBS supplemented with 5% (vol/vol) sucrose and systemically infected the next
day. Flies were transferred onto fresh Rapamycin- or vehicle-containing food every 3 days
for the duration of the experiment (Moy et al., 2014).

RNA and Quantitative Real-Time PCR

To quantify ZIKV tropism, 30 brains, 6 whole flies, 6 bodies, 5 ovaries, 15 intestines or 6 fat
bodies were collected for each experiment. For other experiments, 30 heads, 6 whole flies, 6
bodies were collected for each experiment. Total RNA was extracted using TRIzol
(Invitrogen) according to manufacturer’s protocol and as previously described (Xu et al.,
2012). cDNA was prepared using M-MLV reverse transcriptase (Invitrogen). cDNA was
analyzed using Power SYBR Green PCR Master Mix (Applied Biosystems), along with
gene specific primers in triplicate, for at least three independent experiments. Data was
analyzed by relative quantification, by normalizing to rp49. Oligonucleotides are listed in
Table S2.

Immunofluorescence and Confocal Microscopy

Brains were processed as previously described (Luo and Sehgal, 2012). Briefly, 10 brains
per condition for each experiment were dissected in PBS, fixed in 4% formaldehyde solution
for 15 minutes on ice, rinsed 3 times in PBS with 0.1% Triton-X (PBST), and blocked with
5% normal donkey serum in PBST (NDST) for 45 minutes. Samples were incubated with
primary antibody (ZIKV 4G2; 1:1000) diluted in NDST overnight at 4°C, rinsed 3 times in
PBST, and incubated with secondary antibody (1:1000) at room temperature for 2 hr.
Samples were rinsed 3 times in PBST and mounted in Vectashield (MVector Laboratories).
Tissues were imaged on Leica TCS SPE confocal microscope. Three independent
experiments were performed.
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Immunoblotting

6 whole flies or 30 heads were pooled per condition per experiment and lysed in 200ul
radioimmunoprecipitation (RIPA) buffer supplemented with a protease inhibitor cocktail
(Boehringer) and were processed for immunoblot as described previously (Shelly et al.,
2009).Three independent experiments were performed.

TCID50 assay

50 heads or 25 bodies were pooled per condition per experiment. Viral titers were measured
by TCID50 on Vero cells as described (Rausch et al., 2017). Total protein was measured by
BCA assay and used to normalize input. Data is shown as TCID50/mg of protein.

Transcriptional profiling

Flies were uninfected or infected with DCV and three independent experiments were
collected 9 hpi. Total RNA was purified and hybridized to Affymetrix Drosophila Genome
2.0. We calculated fold changes relative to uninfected controls and considered significant
genes with at least a 2-fold change and a false discovery rate of <0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

For survival curves, at least 20 flies for each genotype were used for each condition, three
independent experiments were performed, and the average is shown. Pairwise comparisons
of each experimental group with its control were carried out using a log-rank test. For other
experiments, the Student’s two-tailed t test was used to measure the statistical significance
and then considered significant if p < 0.05 in three independent experiments. Quantification
of western blot and immunofluorescence images were performed using ImageJ software. For
brain Atg8a-mCherry immunofluorescence quantification, mean gray value of the 40X
images were used. All error bars represent stand error of mean. GraphPad Prism software
was used for statistical analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. ZIKV is neurotropic in Drosophilabut RNAI is not protective
. ZIKV induces NF-kB-dependent inflammatory signaling in the fly brain
. Inflammatory NF-kB signaling activates dS7/NG expression and is antiviral

. dSTING induces autophagy, which restricts ZIKV infection in the adult fly
brain
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Figure 1. Characterization of ZIKV infection in Drosophila.
(A) Time course of ZIKV infection in adult flies challenged with ZIKV. On the indicated

days post-infection (dpi), whole flies were collected and analyzed by RT-gPCR. Viral RNA
normalized to rp49 shown relative to control (3 dpi) with mean + SEM; n=3. (B) Tissues of
ZIKV infected flies were dissected on 7 dpi and levels of ZIKV RNA was analyzed by RT-
gPCR. ZIKV RNA normalized to rp49shown relative to control (whole fly) with mean £
SEM; n=3, *p<0.05. (C) Time course of ZIKV infection in fly heads determined by RT-
gPCR. ZIKV RNA normalized to rp49 shown relative to 3 dpi with mean + SEM; n=3,
*p<0.05. (D) ZIKV titers were assayed for bodies or heads at the indicated time points post
infection by TCIDsgg normalized to total protein with mean £ SEM; n=3, *p<0.05. (E)
Representative confocal images of brains of wild type flies or ZIKV infected analyzed 7 dpi
(40x; anti-flavivirus E-green; bar 25um).
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Figure 2. The RNAI pathway does not restrict ZIKV infection.
(A) Control or RNAI pathway component Dcr-2 —/-and Ago2 —/— mutant flies were

infected with ZIKV and RT-qPCR was performed on whole flies and heads at 7 dpi. ZIKV
RNA normalized to rp49 shown relative to wild type with mean = SEM; n=3. (B) Wild type
and RNAI pathway component AgoZ2 —/- mutant flies were infected with SINV and RT-
gPCR was performed on whole flies and heads at 7 dpi. SINV RNA normalized to 049
shown relative to wild type with mean + SEM; n=3, *p<0.05.
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Figure 3. ZIKV infection induces NF-kB signaling which restricts infection.
(A-B) Adult flies were uninfected or infected with ZIKV and RT-gPCR analysis of whole

flies, bodies and heads was performed monitoring (A) Diptericin (Dipf) or (B) Drosomycin
(Drs) normalized to rp49, and shown relative to uninfected control. Mean = SEM; n=3,
*p<0.05. (C-E) Relish mutant flies or heterozygous sibling controls were challenged with
ZIKV and heads collected 7 dpi. (C-D) RT-qPCR was performed and (C) Diptericin or (D)
ZIKV RNA was normalized to 7p49, shown relative to control with mean £ SEM; n=3,
*p<0.05. (E) ZIKV titers were assayed by TCIDsg normalized to protein input with mean +
SEM; n=3, *p<0.05. (F) Percent survival of Relish mutant or heterozygous sibling controls
uninfected, or infected with ZIKV, with mean shown for n=3 (*p<0.01, log-rank test). (G)
Control (elav>+or Repo>+, respectively) or flies depleted for Relish in neurons or glia
(elav> Rel IR or Repo> Rel IR, respectively) were challenged with ZIKV and viral RNA
was quantified by RT-gPCR normalized to rp49 shown relative to control (e/av>+or Repo>
+, respectively) from heads 7 dpi with mean + SEM; n=3, *p<0.05. See also Figure S1.
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Figure 4. ZIKV induced NF-kB signaling induces dSTING which is antiviral.
(A) Transcriptional profiling of virus-infected flies show enrichment for innate immune and

antibacterial pathways. Analysis of the 145 genes induced by DCV infection in whole flies 9
hpi. The p-values of the significantly enriched Panther slim biological processes are shown.
(B) Uninfected (UN) or ZIKV-infected flies whole flies, bodies, and heads were collected 7
dpi and RT-qPCR analysis of dS7/NG normalized to rp49, and shown relative to uninfected
control. Mean + SEM; n=3, *p<0.05. (C) Relish mutant or heterozygous sibling control flies
were uninfected (UN) or infected with ZIKV, and dST/NG expression in heads was
monitored by RT-gPCR on 7 dpi and shown relative to uninfected control (Re/ +/-). Mean *
SEM; n=3, *p<0.05, ns, not significant. (D) Sting“”E” or heterozygous sibling control flies
StingE*’* were challenged with ZIKV and RT-qPCR analysis of whole flies, bodies and
heads was performed monitoring ZIKV RNA normalized to rp49, shown relative to
heterozygous control. Mean + SEM; n=3, *p<0.05, ns, not significant. (E) Control (e/av>+
or Repo>+, respectively) or flies depleted for dSTING in neurons or glia (elav> Sting IR or
Repo> Sting IR, respectively) were challenged with ZIKV and viral RNA was quantified by
RT-gPCR normalized to rp49 shown relative to control (e/av>+or Repo>+, respectively)
from heads 7 dpi with mean £ SEM; n=3, *p<0.05. See also Figure S2 and Table S1.
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Figure 5. ZIKV infection induces autophagy in the fly brain.
(A-B) Wild type flies were uninfected (UN) or infected with ZIKV collected 7 dpi. (A) A

representative immunaoblot of Atg8 and tubulin from whole fly and head lysates is shown.
(B) Quantification of Atg8a-1l/tubulin is shown with mean + SEM; n=3, *p<0.05. (C-E)
Representative confocal images of uninfected (UN) or ZIKV-infected brains expressing
Atg8a-mCherry (Act>Atg8a-mCherry) analyzed 7 dpi at (C) 20X (bar 200um), or (D) 40x
(bar 25um). (E) Quantification of 40X mCherry intensity is shown with mean + SEM; n=3,
*p<0.05.
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Figure 6. Autophagy is antiviral against ZIKV of the brain.
(A) Flies of the indicated genotypes were infected with ZIKV. RT-gPCR analysis of viral

RNA normalized to rp49 and shown relative to control (HS>+) from whole flies or heads 7
dpi with mean + SEM; n=3, *p<0.05. (B) Control (HS>+) or Atg5-depleted (HS> Atg5 IR)
flies were challenged with ZIKV and viral titers from heads were quantified 7 dpi with mean
+ SEM; n=3, *p<0.05. (C) Control (elav>+or Repo>+, respectively) or flies depleted for
Atg5 in neurons or glia (efav> Atg5 IR or Repo> Atg5 IR, respectively) were challenged
with ZIKV and viral RNA was quantified by RT-gPCR normalized to rp49 shown relative to
control (efav>+or Repo>+, respectively) from heads 7 dpi with mean + SEM; n=3, *p<0.05.
(D) Atg5null or heterozygous sibling controls were infected with ZIKV and viral infection
was monitored from whole flies or heads 7dpi. Viral RNA was quantified by RT-qgPCR
normalized to rp49 shown relative to control with mean £ SEM; n=3, *p<0.05. (E) Percent
survival of Afg5null or sibling controls uninfected, or infected with ZIKV, with mean shown
for n=3 (*p<0.0001, log-rank test). See also Figure S3-S4.
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Figure 7. Antiviral autophagy is regulated by NF-kB and dSTING and is sufficient to block
infection.
(A-B) Representative immunoblots of fly heads from uninfected (UN) or ZIKV infected

flies of the indicated genotypes 7 dpi. Quantification of Atg8a-I1/tubulin is shown with mean
+ SEM; n=3, *p<0.05. (C) Flies fed vehicle or rapamycin were challenged with ZIKV and
viral RNA was quantified 7 dpi by RT-qgPCR normalized to rp49 shown relative to control
(vehicle fed, whole flies) with mean £ SEM; n=3, *p<0.05, ns, not significant.
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