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SUMMARY

Host-microbe interactions influence intestinal stem cell (ISC) activity to modulate epithelial turnover and
composition. Here, we investigated the functional impacts of viral infection on intestinal homeostasis and
the mechanisms by which viral infection alters ISC activity. We report that Drosophila A virus (DAV) infection
disrupts intestinal homeostasis in Drosophila by inducing sustained ISC proliferation, resulting in intestinal
dysplasia, loss of gut barrier function, and reduced lifespan. We found that additional viruses common in lab-
oratory-reared Drosophila also promote ISC proliferation. The mechanism of DAV-induced ISC proliferation
involves progenitor-autonomous epidermal growth factor receptor (EGFR) signaling, c-Jun N-terminal kinase
(UNK) activity in enterocytes, and requires Sting-dependent nuclear factor kB (NF-kB) (Relish) activity. We
further demonstrate that activating Sting-Relish signaling is sufficient to induce ISC proliferation, promote
intestinal dysplasia, and reduce lifespan in the absence of infection. Our results reveal that viral infection
can significantly disrupt intestinal physiology, highlight a novel role for Sting-Relish signaling, and support

a role for viral infection in aging.

INTRODUCTION

To maintain homeostasis in the face of microbial and environ-
mental assaults, the intestinal epithelium undergoes continuous
cellular turnover driven by the proliferation of intestinal stem cells
(ISCs) to replace old or damaged differentiated cells.’* Immune
and stress signaling pathways integrate environmental cues
including injury, infection, and nutrient status to modulate ISC
proliferation rates, differentiated cell death, and the balance of
differentiation programs in proliferating 1SCs.® Although these
processes are essential, they must be tightly regulated to ensure
intestinal function and integrity.” Intestinal homeostatic defects
are underlying drivers of numerous conditions in mammals
including inflammatory bowel disease,’ colorectal cancer,® and
loss of gut barrier function.” Consequently, maintenance of in-
testinal homeostasis is a primary determinant of lifespan and
healthspan.®'° Understanding how host-microbe interactions
modulate intestinal homeostatic processes is thus crucial for
developing interventions to mitigate deleterious impacts of infec-
tion and promote healthy aging.

Drosophila melanogaster is a tractable model at the forefront of
efforts investigating how host-microbe interactions impact intes-
tinal homeostasis. The regulatory mechanisms directing ISC pro-
liferation in the mammalian intestine and the D. melanogaster
midgut are highly similar,’ both involving conserved signaling
pathways, including the c-Jun N-terminal kinase (JNK), the Janus

kinase-signal transducer and activator of transcription
(JAK-STAT), epidermal growth factor receptor (EGFR), Wingless,
and Hippo pathways. Importantly, the intestinal epithelia of mam-
mals and D. melanogaster are both composed of functionally
analogous differentiated cells maintained by 1SCs.'" The
D. melanogaster intestinal epithelium primarily consists of differ-
entiated absorptive enterocytes (ECs) and secretory enteroendo-
crine cells (EEs) sustained by ISCs that proliferate and partially
differentiate into progenitor cells termed enteroblasts and pre-
EEs, which themselves fully differentiate into ECs or EEs,
respectively.'*"*

Studies in D. melanogaster have revealed that pathogenic
bacterial infection activates JNK signaling in damaged ECs,
causing the release of Unpaired (Upd) cytokines that directly
and indirectly stimulate cell-autonomous JAK-STAT and EGFR
signaling, respectively, in ISCs.">'® This triggers a transient
burst of ISC proliferation that is required to repair epithelial dam-
age.15 In contrast, commensal bacteria stimulate low levels of
ISC proliferation, promoting basal levels of epithelial renewal.'®
Age-associated shifts in the composition, abundance, and distri-
bution of the commensal microbiota provoke chronic stress
signaling that stimulates sustained over-proliferation of ISCs
and disrupts homeostatic differentiation programs.’>'"~*" This
process promotes intestinal dysplasia and is proposed to drive
progressive age-associated gut dysfunction and mortality.'”??
Indeed, loss of gut barrier function is observed prior to and is
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Figure 1. Orally acquired DAV persistently infects the adult midgut
(A) Negative-strand-specific RT-gPCR of DAV RNA in carcasses and dissected midguts from flies orally infected with DAV. The dashed line indicates the limit of
detection.

(legend continued on next page)
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predictive of death.”'® However, the precise causal relation-
ships between dysregulated ISC proliferation, loss of gut barrier
function, and death are uncertain.

Viral infections can promote intestinal pathology by disrupting
intestinal homeostasis in mammals, but the molecular mecha-
nisms underlying virus-driven homeostatic defects have not
been explored in detail.*> > In this respect, D. melanogaster rep-
resents an excellent model to mechanistically investigate how
host-virus interactions modulate gut epithelial turnover. Viral in-
fections are prevalent in D. melanogaster and typically manifest
as persistent infections characterized by lifelong viral replication
with relatively uncharacterized impacts on host fitness and phys-
iology.””° Prevalent viruses of D. melanogaster, including
Drosophila C virus (DCV), Nora virus, and Galbut virus, infect
the intestinal epithelium,®°=*? but the potential impacts of viral
infection on intestinal homeostasis have not been examined.

Drosophila A virus (DAV) is an unclassified, positive-sense sin-
gle-stranded RNA virus of D. melanogaster that is prevalent in
field-collected and laboratory-reared flies.?®2% Little is known
about DAV, although it is reported that DAV infection reduces
lifespan and detection of DAV reads in midgut, RNA sequencing
(RNA-seq) data suggest that this virus replicates in intestinal tis-
sues.***° Reanalysis of published RNA-seq data suggested that
DAV and other enteric RNA viruses stimulate innate immune re-
sponses and epithelial repair pathways in the gut.”® Because of
these findings and our previous observation that orally acquired
DAV persistently infects adult flies,*® we focused on oral DAV
infection to elucidate the impact of host-virus interactions on in-
testinal homeostasis. Here, we demonstrate that DAV infection
induces sustained ISC proliferation and accelerates the develop-
ment of age-associated intestinal pathology, thereby reducing
lifespan in infected flies. Other RNA viruses also caused elevated
ISC proliferation, altered gut epithelial morphology, and reduced
lifespan, suggesting that modulation of intestinal physiology is
a common feature of viral infection. We found that classical
epithelial repair pathways and novel mechanisms play roles in
virus-induced ISC proliferation and disruption of intestinal ho-
meostasis by viral infection. Our results establish the utility of
D. melanogaster as a model for studying host-virus interactions
in the intestine, identify novel regulators of ISC proliferation, and
uncover physiological impacts caused by prevalent viruses.

RESULTS

DAV persistently infects the adult midgut

To determine if DAV infects the midgut, we performed negative-
strand-specific RT-gPCR using RNA from midguts and car-
casses from orally infected flies. This assay quantifies replicating
viral RNA by detecting the replicative negative strand of the DAV
genome. We detected DAV replication in midguts and carcasses
by 3 days post-infection (dpi) (Figure 1A). Orally acquired DAV
persistently infected the midgut and carcass, with high levels
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of replicative DAV RNA observed in both tissues until at least
18 dpi (Figure 1A). Oral DAV infection was not acutely lethal.
Instead, DAV-infected flies exhibited reduced lifespans
compared with mock-infected controls at 25°C (Figure S1A)
and 29°C (Figure 1B). We performed all subsequent experiments
at 29°C to facilitate the comparison of infection phenotypes
across all potential fly genotypes, including those encoding tem-
perature-sensitive expression constructs. Female flies were
used for all experiments.

To further characterize enteric DAV infection, we determined
the regional and temporal tropism of DAV in the gut by RNA fluo-
rescence in situ hybridization (FISH). At 3 dpi, we detected DAV
RNA in isolated patches throughout the entire alimentary canal
(Figures 1C and S2A). DAV RNA was spread throughout the
gastrointestinal tract by 8 dpi, a pattern that continued until at
least 16 dpi (Figures 1C and S2A). We next determined the
cellular tropism of DAV in the midgut by immunofluorescence
with antibodies against the DAV capsid, Delta (an ISC marker),*”
and Prospero (Pros; an EE marker).>” At 8 dpi, we primarily
observed infection in large Delta/Pros negative ECs; however,
we occasionally observed infection of Delta-positive ISCs and
Pros-positive EEs (Figure 1D).

DAV infection reduces lifespan by driving over-
proliferation of ISCs

The midgut epithelia in DAV-infected flies exhibited irregularities,
characterized by aberrant spatial organization and altered size
distribution of nuclei (Figure 1D). This phenotype resembles
age-dependent intestinal dysplasia, which is driven by over-pro-
liferation of ISCs and disruption of cellular differentiation pro-
grams due to chronic stress signaling triggered by commensal
dysbiosis in aged flies.”™'"'®2" We hypothesized that DAV
infection may similarly stimulate chronic mitogenic signaling
and premature development of intestinal dysplasia due to sus-
tained ISC over-proliferation. We thus measured ISC prolifera-
tion in DAV- and mock-infected flies by immunofluorescence
with an antibody against phosphorylated histone H3 (PH3)."®
DAV infection induced ISC over-proliferation by 4 dpi, which
continued for the lifetime of infected flies (Figure 2A). Reported
age-associated ISC proliferation levels vary between studies
and fly genotypes; however, aged w'''® flies are generally re-
ported to exhibit 20-50 PH3+ cells/midgut,’®*®%° a range
consistent with our observations in DAV-infected flies from 6
dpi (Figure 2A). DAV-infected germ-free (GF) flies also exhibited
premature intestinal dysplasia (Figures 2B and S1B) and DAV-
induced ISC proliferation levels were not significantly different
between conventionally-reared (CR) and GF flies at 8 dpi (Fig-
ure 2B). Moreover, the median survival of DAV-infected flies rela-
tive to mock-infected controls was not significantly different be-
tween CR or GF conditions (Figures S1C and S2D). DAV infection
also induced ISC proliferation at 25°C (Figure S1E). Together
these results indicate that DAV infection induces sustained

(B) Survival of mock-infected and DAV-infected flies maintained at 29°C. Shaded regions: 95% confidence intervals. Three biological replicates (n = 20 flies/
replicate) were analyzed. The p value from a log-rank (Mantel-Cox) test is shown.

(C) RNA FISH of positive strand DAV RNA in guts from DAV-infected flies. Scale bars, 1 mm.

(D) Representative images of R4 midgut regions from mock-infected and DAV-infected flies. Boxes in the middle panels indicate the region in the lower panels.
Delta+ and Pros+ cells are distinguished by membrane/vesical and nuclear staining, respectively. Arrows indicate DAV-infected ISCs or EEs. Scale bars, 50 pm.

See also Figures S1 and S2.
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Figure 2. DAV infection disrupts intestinal homeostasis
(A) Quantification of PH3+ cells in midguts from mock-infected or DAV-infected flies.
(B) Quantification of PH3+ cells at 8 dpi in midguts from mock-infected or DAV-infected flies maintained under CR or GF conditions.

(legend continued on next page)
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over-proliferation of ISCs, promotes premature intestinal
dysplasia, and reduces lifespan independent of the microbiota.

To determine if elevated ISC proliferation is specific to DAV,
we measured ISC proliferation at 20 days post-eclosion (dpe)
in isogenic wild-type (w''®) flies harboring persistent infections
with DAV, DCV, Nora virus, or Bloomfield virus (all RNA viruses
known to infect the midgut). Persistent infections with any of
the viruses were associated with elevated ISC proliferation,
irregular epithelial morphology at 20 dpe, and reduced lifespan
(Figures 2C, S1F, and S1G).

A hallmark of age-dependent intestinal dysplasia and loss of
intestinal homeostasis is an accumulation of polyploid cells
marked by continuous expression of the progenitor cell marker,
Escargot (Esg).'”**° We infected flies expressing GFP under the
control of a temperature-sensitive esg-Gal4 driver (esg-Gal4;
tub-Gal80 UAS-GFP,'® referred to as esg™) to follow the accu-
mulation of Esg+ cells during DAV infection. The proportion of
Esg+ cells was significantly higher in DAV-infected midguts
compared with mock-infected controls in the R2 and R4 midgut
regions at 8, 16, and 24 dpi (Figures 2D-2F).

Loss of gut barrier function accompanying intestinal dysplasia
is proposed as a driver of mortality in aged flies, although the
causal relationship between barrier decay and death is uncer-
tain.*'%*! Given that DAV infection accelerates the development
of intestinal dysplasia, we used the “Smurf assay”* to measure
intestinal barrier function during DAV infection. As expected,
mock-infected flies showed age-dependent loss of intestinal
barrier function, with an average median time to Smurf of 24.3
dpi (Figure 2G). DAV infection significantly accelerated the onset
of intestinal barrier dysfunction, with an average median time to
Smurf of 16 dpi (Figure 2G), suggesting that precocious loss of
gut barrier function may underlie reduced lifespan in DAV-in-
fected flies. This possibility must be considered with caution
because loss of gut barrier function could signal impending
death through means indirectly related to barrier integrity.

To directly test a role for DAV-induced ISC proliferation in
accelerating loss of intestinal homeostasis and reducing life-
span, we inhibited ISC proliferation by overexpressing the cy-
clin-dependent kinase inhibitors Wee1 and Dacapo in ISCs.*?
This was accomplished using the ISC-specific, temperature-
sensitive esg-Gal4 Su(H)GBE-Gal80 tub-Gal80" system
(referred to as esg™; Su(H)-Gal80).**> Overexpression of Wee1
and Dacapo in ISCs significantly reduced ISC proliferation levels
compared with control flies (Figure 3A). Strikingly, reducing ISC
proliferation significantly prolonged lifespan during DAV infec-
tion (Figures 3B and 3C), indicating that DAV-induced ISC prolif-
eration contributes to lifespan reduction. Prolonged lifespan
accompanying inhibited ISC proliferation was not due to
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reduced DAV replication (Figures 3D and 3E). Our findings sug-
gest that DAV infection reduces lifespan by accelerating the
onset of classical age-associated intestinal pathologies.

DAV infection upregulates immune, stress, and
epithelial repair pathways in the intestine

We sequenced transcriptomes of mock- and DAV-infected mid-
guts at 6 and 12 dpi to identify signaling pathways that may play
roles in DAV-induced ISC proliferation (Data S1). We sequenced
midguts from CR and GF flies to distinguish differential expres-
sion patterns driven independently by DAV from those requiring
microbiota input. Notably, negative-strand DAV RNA levels were
similar in midguts from GF and CR flies at both time points (Fig-
ure S3A). DAV infection in CR or GF flies induced upregulation of
genes belonging to the primary pathways responsible for regu-
lating ISC proliferation, the EGFR and JAK-STAT pathways
(Figures 4A and 4B). We noticed a trend toward more significant
DAV-induced upregulation of EGFR and JAK-STAT pathway
genes in midguts from GF flies compared with midguts from
CR flies. We tested the significance of these differences by
directly comparing gene expression in midguts from DAV-in-
fected CR flies with midguts from DAV-infected GF flies. Only
one EGFR- or JAK-STAT-related gene was differentially ex-
pressed between these conditions (Figures 4A and 4B). These
results suggest that DAV infection can stimulate EGFR and
JAK-STAT signaling in the absence of the microbiota and do
not support a major role for the microbiota in modulating EGFR
or JAK-STAT pathway activation during DAV infection. Genes
encoding the JNK pathway transcription factors Ets21C and
Sox21a were also upregulated in DAV-infected midguts
(Figures 4A and 4C). Additionally, DAV infection induced modest,
time point/condition-dependent upregulation of other JNK-
related genes (Figure 4C). Our results suggest that DAV infection
may induce classical midgut epithelial repair mechanisms by
activating the EGFR, JAK-STAT, and JNK pathways.

We next investigated DAV-induced immune mechanisms in
the midgut. The D. melanogaster inducible immune response is
classically defined by the Toll and immune deficiency (IMD) path-
ways.** Studies have uncovered roles for the IMD pathway in
regulating intestinal homeostasis, suggesting that inducible im-
mune responses have roles in regulating epithelial turnover.**~
“7IMD pathway transcriptional targets were among the most up-
regulated genes in DAV-infected midguts at 12 dpi in CR and GF
flies (Figure 4D; Data S2). A subset of these IMD-responsive
genes was expressed significantly higher in DAV-infected mid-
guts from CR flies than those from GF flies (Figure S3B), suggest-
ing that microbiota input may have an additive effect on IMD acti-
vation during DAV infection. Toll pathway transcriptional targets

(C) Survival of uninfected w''® flies or isogenic w'''® flies persistently infected with DAV, DCV, Nora virus, or Bloomfield virus maintained at 25°C. Shaded
regions: 95% confidence intervals. Nine biological replicates (n = 20 flies/replicate) from three independent experiments were analyzed. The p value from log-rank

(Mantel-Cox) tests is shown.

(D and E) Quantification of Esg+ cells in R2 (D) and R4 (E) midgut regions from mock-infected or DAV-infected flies.
(F) Representative images of Esg+ cells in R4 midgut regions from mock-infected or DAV-infected flies at 8 dpi. Scale bars, 50 um.
(G) Median days until observation of the “Smurf” phenotype in mock-infected or DAV-infected flies. Dots indicate medians of three biological replicates (n = 20

flies/replicate). Bar height indicates average of replicate medians.

Error bars in (A), (B), (D), and (E) indicate median with 15t and 3" quartiles. Error bars in (G) indicate SD. Results were compared by two-way ANOVA with Turkey’s
multiple comparisons tests (A, B, D, and E) or a two-tailed t test (G); ns, non-significant; “o < 0.05; **p < 0.01; ***p < 0.001. Comparisons in (A) are between mock
and DAV for each dpi. Numbers of biological replicates indicated in parentheses.

See also Figure S1.
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Figure 3. DAV infection reduces lifespan by driving over-proliferation of ISCs

(A) Quantification of PH3+ cells at 8 dpi in midguts from mock-infected or DAV-infected flies of the indicated genotypes.

(B) Relative median survival of DAV-infected flies of the indicated genotypes. Bar height indicates the average of nine biological replicates (n = 20 flies/replicate)
from three independent experiments.

(C) Survival of mock-infected and DAV-infected flies of the indicated genotypes. Shaded regions: 95% confidence intervals. Nine biological replicates (n = 20
flies/replicate) from three independent experiments were analyzed. The p values from log-rank (Mantel-Cox) tests are shown.

(D and E) Relative DAV RNA levels in carcasses or dissected midguts from DAV-infected flies of the indicated genotypes. DAV RNA levels are shown relative to the
esg's; Su(H)-Gal80 > + 0 dpi samples. n = 12 samples/day for 0-12 dpi. n = 6 samples for 41 dpi. Data at 41 dpi were not available for DAV-infected flies with the
genotype esg’; Su(H)-Gal80 > + because they had 100% mortality by 32 dpi.

Error bars in (A), (D), and (E) indicate median with 15 and 3" quartiles. Error bars in (B) indicate SD. Results were compared by two-way ANOVA with Turkey’s
multiple comparisons tests (A, D, and E) or two-tailed t test (B); ns, non-significant; **p < 0.001. In (D) and (E), comparisons are between mock and DAV for
each dpi.
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Figure 4. DAV infection upregulates immune, stress, and epithelial repair pathways in the intestine

(A-C) Expression of select genes of the EGFR (A), JAK-STAT (B), or JNK (C) pathways. Text and color indicate the log, fold change (Log2FC) of expression in DAV-
infected midguts/mock-infected midguts and in DAV-infected CR/GF midguts. Only genes with adjusted p value < 0.05 are shown.

(D) Expression of all genes. Select genes regulated by IMD-Relish or Sting-Relish signaling are highlighted (see Data S2). Expression in DAV-infected midguts/
mock-infected midguts is shown. Horizontal dashed lines, adjusted p value = 0.05; vertical dashed lines, Logo,FC = 1.5.

Adjusted p values are the results of Wald tests as implemented in DEseqg2.

See also Figure S3 and Data S1, S2, and S3.

were modestly and inconsistently upregulated by DAV infection pathway.‘“"51 This cascade, referred to here as Sting-Relish
(Figure S3C). signaling, regulates the transcription of genes distinct from

Relish, the sole nuclear factor kB (NF-kB) transcription factor ~ those regulated by IMD signaling.“® Several targets of Sting-
of the IMD pathway, can be activated through a second Relish signaling were upregulated by DAV infection in midguts
signaling cascade resembling the vertebrate cyclic GMP- from CR and GF flies at 6 and 12 dpi (Figures 4D and S3D;

AMP synthase (cGAS) stimulator of interferon genes (STING) Data S2).
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DAV-induced ISC proliferation requires EGFR but not
JAK-STAT signaling

Our RNA-seq results indicated that DAV infection upregulates ca-
nonical epithelial repair pathways in the intestine (Figure 4). We
thus examined whether the mechanism of DAV-induced ISC pro-
liferation is consistent with other stress-induced proliferative re-
sponses. We first depleted EGFR or JAK-STAT signaling in pro-
genitors using esg' to express RNAIi constructs targeting egfr,
the gene encoding the receptor of the EGFR pathway, or Stat92e,
the gene encoding the sole transcription factor of the JAK-STAT
pathway. Progenitor-specific depletion of EGFR, but not JAK-
STAT signaling, blocked DAV-induced ISC proliferation and
accumulation of Esg+ cells at 8 dpi without impacting viral RNA
levels (Figures 5A-5C, S4A, and S4B). Progenitor-specific deple-
tion of JAK-STAT signaling reduced DAV-induced ISC prolifera-
tion compared with controls (Figure 5A), but the difference was
not statistically significant. As a control for depletion of progenitor
JAK-STAT activity, we infected flies with Erwinia carotovora 15
(Ecc15), observing a significant decrease in the ISC proliferative
response to infection with this pathogenic bacterium (Figure S4C).
This indicates that the minimal impact of JAK-STAT depletion in
progenitors on DAV-induced ISC proliferation was not due to inef-
fective suppression of JAK-STAT signaling in this system.
Because paracrine JAK-STAT signaling can regulate ISC prolifer-
ation non-cell autonomously,”>>* we ubiquitously expressed
Stat92e RNAI using an Actin-Gal4 driver (Act-Gal4). Despite a
Stat92e silencing efficiency of ~84% (Figure S4D), ubiquitous
depletion of JAK-STAT signaling did not significantly impact
DAV-induced ISC proliferation or DAV RNA levels (Figures 5D
and S4E). Moreover, Upd3 mutants exhibited similar levels of
DAV-induced ISC proliferation and DAV RNA as their isogenic
wild-type counterparts (Figures S4F and S4G). These results
demonstrate that cell-autonomous EGFR signaling is required
for DAV-induced ISC proliferation and do not support a role for
JAK-STAT signaling in the proliferative response to DAV.

JNK signaling in ECs regulates DAV-induced ISC
proliferation in an apoptosis- and JAK-STAT-
independent manner

To test a potential role for EC JNK activity in regulating DAV-
induced ISC proliferation, we depleted JNK signaling in ECs by
expressing an RNAi construct targeting the gene encoding
Bsk. Using the temperature-sensitive, EC-specific Myo1A-Gal4
tubGal80™ system (referred to as Myo1A®)'® to express Bsk
RNAi in ECs, we found that inhibition of EC JNK signaling did
not prevent DAV-induced ISC proliferation but did significantly
reduce levels of ISC proliferation compared with controls without
impacting DAV RNA levels (Figures 5E and S4H).

Apoptosis is a conserved antiviral mechanism and JNK-depen-
dent apoptosis can trigger compensatory ISC proliferation in the
D. melanogaster midgut.>*>°® However, a role for apoptosis in re-
stricting enteric viral infections in D. melanogaster has not been
explored. Immunofluorescence with an antibody against cleaved
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Dcp1 did not indicate an increase in the number of apoptotic cells
in the guts of DAV-infected flies compared with mock-infected
controls (data not shown). However, our RNA-seq data indicated
that genes associated with apoptosis and other cell death path-
ways were modestly upregulated by DAV infection (Data S3).
Thus, we overexpressed the caspase inhibitor, p35,°” using My-
01A" to determine if EC apoptosis plays a role in DAV-induced
ISC proliferation or restricting DAV infection. ISC proliferation
levels were not significantly different in DAV-infected flies overex-
pressing p35 in ECs compared with controls (Figure 5F), indi-
cating that the regulatory role of JNK on DAV-induced ISC prolif-
eration is independent of caspase activity in ECs. Arguing against
an antiviral role for caspase-dependent EC apoptosis during DAV
infection, overexpressing p35 in ECs did not impact the relative
median survival of DAV-infected flies and reduced levels of DAV
RNA compared with controls (Figures S41-S4K). Our results indi-
cate that JNK activity in ECs regulates DAV-induced ISC prolifer-
ation but that JAK-STAT signaling, Upd3, and caspase-depen-
dent EC apoptosis are dispensable for the role of the JNK
pathway in this context.

Sting-Relish and IMD signaling are required for DAV-
induced ISC proliferation
Our results suggested that DAV infection induces ISC prolifera-
tion through mechanisms that overlap with but are incompletely
described by canonical proliferative stress responses. Because
NF-kB signaling is upregulated in DAV-infected midguts
(Figures 4D, S3B, and S3D), we infected flies with mutations in
Relish (Relish®2°, referred to as Relish (—/—)°%) or Dif (Dif',
referred to as Dif (—/—)°°) to determine if the IMD or Toll path-
ways, respectively, play roles in DAV-induced ISC proliferation.
Absence of Relish abrogated DAV-induced ISC proliferation at
8 dpi despite higher DAV RNA levels in Relish mutants compared
with isogenic wild-type flies (w'''®, referred to as WT™oFelish)
(Figures 6A and S5A). DAV-infected Dif mutants exhibited
elevated ISC proliferation compared with mock-infected con-
trols but significantly less than DAV-infected isogenic wild-type
flies (w'"'®, referred to as WT°®"), and there were no significant
differences in DAV RNA levels between Dif mutants and wild-
type flies (Figures S5B and S5C). In agreement with a previous
report,®° Relish mutants had reduced lifespans compared with
wild-type flies, with substantial mortality observed by 8 dpi (Fig-
ure S5D). We thus measured ISC proliferation at 4 dpi, atime pre-
ceding mortality onset in Relish mutants, to rule out the possibil-
ity that the lack of a proliferative response to DAV in these flies
was an artifact of the sampling time. The absence of Relish pre-
vented DAV-induced ISC proliferation at this earlier time point
(Figure S5E). These results suggest that NF-kB signaling plays
arole in DAV-induced ISC proliferation, with a particular require-
ment for Relish.

Relish regulates both IMD- and Sting-dependent transcrip-
tional responses. We thus infected Sting mutants (dSTING™",
referred to as Sting (—/—)*®) or Imd mutants (Imd’, referred to

(D-F) Quantification of PH3+ cells at 8 dpi in midguts from mock-infected or DAV-infected flies of the indicated genotypes.
Error bars indicate median with 15t and 3 quartiles. Results were compared by two-way ANOVA with Turkey’s multiple comparisons tests; ns, non-significant;
*p < 0.05; *p < 0.01; **p < 0.001. Numbers of biological replicates indicated in parentheses.

See also Figure S4.

Current Biology 34, 2785-2800, July 8, 2024 2793




¢? CellPress

Current Biology

OPEN ACCESS Article
A Fekk B x
75 30 A
8 .
@ 50 ) 20
° + Mock ° = + Mock
by 5% . DAV by i R . DAV
(7 o e
0 ol == a3
A A
d?p\ \\ b\x\ b\'\
@ 0\'\"9 \@ \6‘
&
¢ D -
Jedede ns
150 EEE 200 (::3) dekk
=0.098
= 125 e = 13 Lo s
) . 5150 (s)
2 100 Ry sk . . (14)
@ A £ 125 . (18) *
o . DS « Mock b @) - . o + Mock
8 75 K 3 100 <o : )
+ el * DAV + 75 @ . - (1) ° +« DAV
E 50 . g 50 . ¥ '. %
CPYY IR A o . % - N
v D g 2s{ 3 L ; J ':LE A
0 :-'o = ; 0 - . r )
) N v & 7
& > AR ARATER 4
&9 S
& o & < & o
9 9
Act-Gal4 >
E
Mock, 8 DPI Mock, 8 DPI
Act-Gald > CGLR1-AFA _ Act-Gald > cGLR1 _ Act-Gald > cGLR2-AFA _ Act-Gal4 > cGLR2
- A - R e _lq.‘ v .’.-
i
F
§10 © B = 510
2 S0 2 =
208 < 2o08{
7 © 2081 o -
c c €06
:g 0.6 :g 0.6 % 0.6 ®
Q Q Q
£04 £04 £04
$ g g
go02 £02 02
[} ] 1]
© 0.0 @ 0.0 © 0.0
& \.\A &° V\“ < v
go" X R\ \§o~ . QQ \.7' 0\/
o\ 0\\9 & 6‘} & (9
& 8

Figure 6. Sting-Relish signaling is required for DAV-induced ISC proliferation
(A-D) Quantification of PH3+ cells at 8 dpi in midguts from mock-infected or DAV-infected flies of the indicated genotypes.
(E) Representative images of DAPI-stained R4 midgut regions at 8 dpi from mock-infected flies of the indicated genotypes. Scale bars, 50 um.

2794 Current Biology 34, 2785-2800, July 8, 2024

Act-Gal4 >

(legend continued on next page)



Current Biology

as Imd (—/—)°") to investigate the relative contributions of Sting-
Relish and IMD signaling, respectively, to Relish-dependent
DAV-induced ISC proliferation. DAV infection did not induce
ISC proliferation in homozygous Imd or Sting mutants at 8 dpi
(Figures 6B and 6C). As expected, wild-type flies with an
isogenic genetic background relative to Sting mutants (referred
to as WT™s°:Stn9) exhibited high levels of DAV-induced ISC prolif-
eration (Figure 6C). Because isogenic flies with a wild-type back-
ground relative to our Imd mutants were unavailable, we
compared ISC proliferation in homozygous Imd mutants with
heterozygous Imd mutants (referred to as Imd (+/—)). Although
we did observe significant DAV-induced ISC proliferation in het-
erozygous Imd mutants (Figure 6B), the level of DAV-induced
ISC proliferation in these flies was substantially lower than
what we typically observe in wild-type flies (compare with Fig-
ure 2A). This result is consistent with a requirement for Imd in
DAV-induced ISC proliferation, with increasingly reduced gene
dosages correlated with increasingly lower levels of DAV-
induced ISC proliferation. DAV RNA levels were similar in Sting
(—/-) flies compared with WT=°5"9 flies and in Imd (~/—) flies
compared with Imd (+/—) flies (Figures S5F and S5G). Addition-
ally, ISC proliferation was induced by Ecc15 infection in Sting
mutants (Figure S5H). These results indicate that Relish is
required for DAV-induced ISC proliferation and suggest that
both the IMD and Sting-Relish pathways play roles in the prolif-
erative response to DAV.

Although constitutive activation of IMD signaling in progeni-
tors is known to promote ISC proliferation,*® potential links be-
tween Sting-Relish signaling and ISC proliferation have not
been explored. We thus focused on characterizing the role of
Sting-Relish signaling in the regulation of ISC proliferation.
Overexpression of cGAS-like receptor 1 (cGLR1) or cGLR2 is
sufficient to activate Sting-Relish signaling in vivo.**? Thus,
to confirm the role of Sting-Relish signaling in DAV-induced
ISC proliferation, we measured ISC proliferation rates in flies
ubiquitously overexpressing cGLR1 or cGLR2 (Act-Gal4 UAS-
cGLR1/2°%) compared with controls overexpressing catalyti-
cally inactive cGLR1 or cGLR2 (Act-Gal4 UAS-cGLR1/2-
AFA®%). Mock-infected flies overexpressing active cGLR1 or
cGLR2 had significantly higher ISC proliferation levels
compared with mock-infected flies overexpressing catalytically
inactive cGLR1 or cGLR2 and exhibited epithelial irregularities
resembling DAV-induced gut hypertrophy (disorganization of
epithelial cells, cell clustering, and an apparent overabundance
of cells with small nuclei) (Figures 6D, 6E, and S6A). Overex-
pressing cGLR1 or cGLR2 did not impact DAV RNA levels (Fig-
ure S6B). Along with our finding that Sting knockout does not
impact DAV RNA levels (Figure S5G), these data suggest that
Sting-Relish signaling does not play an antiviral role during
oral DAV infection. Our observations indicate that Sting-
Relish signaling is required for DAV-induced ISC proliferation
and is sufficient to promote ISC proliferation in the absence
of infection.
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Our results suggested that DAV infection may reduce lifespan
by promoting sustained ISC over-proliferation, thus accelerating
the onset of age-dependent intestinal pathology (Figures 2, 3,
and S1). If the reduced lifespan of DAV-infected flies is driven
by ISC proliferation, precluding the proliferative response to
DAV should prolong lifespan. Because DAV infection does not
induce ISC proliferation in Relish or Sting mutants, we compared
the relative median survival of DAV-infected Relish or Sting mu-
tants with their wild-type counterparts. Indeed, the relative me-
dian survival of DAV-infected Relish or Sting mutants was signif-
icantly prolonged compared with wild-type flies, suggesting that
Sting-Relish signaling may drive mortality during DAV infection
(Figures 6F, 6G, S5D, and S5I). In agreement with this possibility,
ectopic activation of Sting-Relish signaling by overexpression of
cGLR1 accelerated DAV-associated mortality and significantly
reduced the lifespan of mock-infected flies (Figures 6H and
S6C). Notably, the impact of cGLR1 overexpression on lifespan
was equivalent to that of DAV infection (Figure S6C).

Loss of Relish or Sting diminishes DAV-induced
upregulation of genes involved in the mitotic cell cycle
and epithelial renewal in the intestine

We sequenced midgut transcriptomes at 8 dpi in DAV- or mock-
infected Relish or Sting mutants along with corresponding wild-
type flies to identify differences in their transcriptional responses
to DAV. Compared with midguts from wild-type flies, DAV RNA
levels were significantly higher in Relish mutant midguts but
not in Sting mutant midguts (Figure S7A). As expected, loss of
Relish or Sting reduced DAV-induced upregulation of transcrip-
tional targets of IMD- and Sting-Relish signaling (Figures S7B
and S7C; Data S4). We identified 78 genes that were significantly
upregulated by DAV infection in wild-type midguts, but not in
midguts from Relish or Sting mutants (Figure 7A; Data S4). In
agreement with our ISC proliferation data in the mutants, many
of these genes belonged to the Gene Ontology (GO) terms,
“multicellular organism development,” “mitotic cell cycle,” and
“cell differentiation” (Figure 7A). Indeed, we observed broad up-
regulation of genes belonging to the GO term "mitotic cell cycle"
(GO: 0000278) in the intestines of DAV-infected wild-type flies,
but not in those of DAV-infected Relish or Sting mutants (Fig-
ure 7B; Data S5).

Compared with wild-type flies, the intestinal transcriptomes
of DAV-infected Relish or Sting mutants exhibited diminished
upregulation of genes belonging to the EGFR, JNK, or JAK-
STAT pathways (Figures S7D-S7F). These results are consis-
tent with a previous finding that ectopic activation of Sting-
Relish signaling induces upregulation of several EGFR, JNK,
and JAK-STAT pathway genes.®' Together our results reveal
that DAV infection induces global upregulation of genes
involved in cell cycle progression, cellular differentiation, and
regulation of epithelium renewal in the intestine. Loss of either
Relish or Sting diminishes this transcriptional response to infec-
tion, supporting the possibility of a functional link between

(F-H) Relative median survival of DAV-infected flies of the indicated genotypes. Bar height indicates the average of biological replicates (n = 15-20 flies/replicate).
Error bars in (A)~(D) indicate median with 15t and 3™ quartiles. Error bars in (F)—(H) indicate SD. Results were compared by two-way ANOVA with Turkey’s multiple
comparisons tests (A-D) or two-tailed t tests (F-H); ns, non-significant; *p < 0.05; **p < 0.01; **p < 0.001. Numbers of biological replicates indicated in pa-

rentheses.
See also Figures S5 and S6.
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of Fisher’s one-tailed tests as implemented in g:GOSt.%®

(B) Expression of all genes in the indicated genotypes. Genes in the GO category mitotic cell cycle are in red (see Data S5). Expression in DAV-infected midguts/
mock-infected midguts is shown. Horizontal dashed lines, adjusted p value = 0.05; vertical dashed lines, Log,FC = 1.5. Adjusted p values are the results of Wald

tests as implemented in DEseq2.%*
See also Figure S7 and Data S4 and S5.

Sting-Relish signaling and canonical epithelial repair mecha-
nisms during viral infection.

DISCUSSION

Here, we leveraged the D. melanogaster model to elucidate the
physiological consequences of enteric viral infection and inves-
tigate how host-virus interactions influence infection outcomes.
We found that orally acquired DAV persistently infects the adult
midgut, induces sustained over-proliferation of ISCs, and accel-
erates age-associated intestinal pathology in a microbiota-inde-
pendent manner. We observed similar phenotypes in flies persis-
tently infected with DCV, Nora virus, or Bloomfield virus,
suggesting that modulation of intestinal physiology is a common
feature of viral infections. Blocking EC apoptosis did not influ-
ence the survival of infected flies and significantly reduced
DAV RNA levels, arguing against an antiviral role for intestinal
cell turnover. In contrast, inhibiting ISC proliferation prolonged
the survival of DAV-infected flies without impacting viral RNA
levels, suggesting that elevated ISC proliferation is not an adap-
tive host response allowing flies to resist or tolerate DAV infection
but is instead a detrimental consequence of infection.
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Is increased ISC proliferation beneficial for the viral infection
cycle? One hypothesis is that loss of intestinal barrier function
due to dysregulated cellular turnover may facilitate the dissemi-
nation of infection beyond the midgut.®®> We observed that DAV
RNA levels increased in extra-intestinal tissues prior to the onset
of DAV replication in the gut and this pattern was not impacted
by inhibiting ISC proliferation, suggesting that the spread of
DAV beyond the midgut does not depend on altered cellular turn-
over. Another possibility is that elevated ISC proliferation could
modify epithelial composition to promote viral replication.®®
Similarly, increased ISC proliferation could conceivably facilitate
changes to epithelial structure or function to promote the shed-
ding of infectious viruses. However, our finding that Relish mu-
tants exhibit higher DAV RNA levels in dissected guts compared
with wild-type controls despite lacking a proliferative response
to infection argues against a pro-viral role for elevated ISC pro-
liferation. Several lines of investigation arise from our data.
Does DAV infection alter the relative proportions of differentiated
intestinal cell types? Are metabolic or hormonal states modu-
lated by viral infection? Are new cells produced by DAV-induced
ISC proliferation retained? Does DAV infection influence non-
apoptotic epithelial cell loss, such as engulfment®” and erebo-
sis?°® These questions should be addressed in future studies
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and may inform conclusions regarding the functional role of vi-
rus-driven modulation of intestinal cell turnover.

Midgut RNA-seq revealed that DAV infection upregulates
genes belonging to classical epithelial repair systems, including
the EGFR, JAK-STAT, and JNK pathways. Knockdown experi-
ments indicated that DAV-induced ISC proliferation requires
EGFR signaling in progenitors and supported an apoptosis-
and JAK-STAT-independent mitogenic role for JNK signaling in
ECs during DAV infection. Intriguingly, our results uncovered a
requirement for Sting-dependent NF-kB signaling in the induc-
tion of DAV-induced ISC proliferation and constitutive activation
of Sting-Relish signaling was sufficient to induce ISC prolifera-
tion, promote gut hypertrophy, and reduce lifespan in the
absence of infection. Experiments in cGLR loss-of-function mu-
tants would be helpful in clarifying the homeostatic roles of Sting-
Relish signaling.

Both IMD-Relish and Sting-Relish signaling play antiviral roles
in D. melanogaster.*®°":59-"2 \We observed increased DAV RNA
levels in carcasses and midguts from Relish mutants, but not
those from Sting mutants. Additionally, overexpression of
cGLR1 did not impact DAV RNA levels or prolong the survival
of infected flies. These results suggest that Relish is antiviral dur-
ing DAV infection, but that its antiviral role is independent of
Sting-Relish signaling in this context. Critically, these results
indicate that the requirement of Sting-Relish signaling for DAV-
induced ISC proliferation is not an indirect result of reduced
DAV RNA levels in the mutants. Supporting our ISC proliferation
data, the midguts of DAV-infected wild-type flies exhibited broad
upregulation of genes involved in mitosis and cell differentiation,
a response that was absent in Relish or Sting mutants. The mid-
guts of DAV-infected Relish or Sting mutants also showed dimin-
ished upregulation of genes belonging to the EGFR, JAK-STAT,
and JNK pathways compared with DAV-infected wild-type flies.
Together our data suggest that Sting-Relish signaling may act
upstream of or in concert with classical epithelial repair path-
ways to promote ISC proliferation.

Sting-dependent Relish activation upregulates genes distinct
from those upregulated by the IMD-Relish pathway,*® suggest-
ing that Sting-Relish and IMD-Relish signaling may engage
different factors to modify the regulatory activity of Relish and
implying that the two signaling cascades have different func-
tional outcomes. Mammalian cGAS-STING signaling induces
the type | interferon (IFN-1) response, activates NF-«B signaling,
and triggers non-canonical autophagy.’® Virus-induced IFN-1
promotes stem cell proliferation in the mouse intestine, and
NF-kB activity in mouse myeloid cells stimulates intestinal
epithelial cell proliferation.”*”> Moreover, cGAS-STING-depen-
dent IFN-B is required for compensatory ISC proliferation
following acute radiation damage in mice.’® Thus, investigation
of inflammatory cGAS-STING and Sting-Relish signaling repre-
sent promising avenues to explore how host-microbe interac-
tions modulate cellular turnover.

Persistent viral infections are common in arthropods and are
generally considered to pose no or only minor fitness costs for
the host,” but there is relatively little published experimental
data to support this claim and emerging studies demonstrate
significant fitness impacts of persistent viral infection in
D. melanogaster.””"® Moreover, re-analyses of published RNA-
seq data from laboratory-reared flies revealed previously
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undetected infections with several viruses that induced signifi-
cant changes in the host transcriptome.?®**® Here, we found
that persistent infections with DAV, DCV, Nora virus, or Bloom-
field virus reduce lifespan, promote ISC proliferation, and are
associated with intestinal dysplasia. Together these results high-
light that persistent viral infections can have significant pheno-
typic impacts and raise the possibility that undetected viral
infections may have influenced previous studies. In particular,
we note that the microbiota-driven model of aging in
D. melanogaster is based on experiments in which the
commensal microbiota was ablated by embryo dechoriona-
tion.">'® Because this treatment also clears persistently infect-
ing viruses,”® one cannot exclude the possibility that viral infec-
tion may have contributed to aging phenotypes previously
ascribed solely to commensal dysbiosis. Given the prevalence
of persistent viral infection in laboratory flies and our observation
that such infections can produce age-associated changes in the
intestine, the potential contribution of viral infection to classical
aging phenotypes should be studied in detail.

Our data reveal that persistent viral infection reduces lifespan
by driving intestinal dysfunction in a manner involving sustained
over-proliferation of ISCs. We propose that DAV infection accel-
erates aging by stimulating prolonged activation of inflammatory
Sting-Relish signaling, resulting in dysregulation of classical
epithelial repair systems and loss of intestinal homeostasis.
Further studies are needed to elucidate the functional impacts
of virus-driven modulation of epithelial turnover and to clarify
the relationship between Sting-Relish signaling and epithelial
repair. Ultimately our results uncover wide-ranging impacts of
viral infection on intestinal physiology and highlight novel host-vi-
rus interactions at the intersection of immune signaling, physi-
ology, and aging.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-DAV GenScript Biotech This study

Mouse anti-Delta (1:1000)
Mouse anti-Prospero (1:1000)
Rabbit antiAnti-PH3 (1:1000)

DSHB
DSHB
Merck Millipore

Cat# c594.9b; RRID: AB_528194
Cat# Prospero (MR1A); RRID: AB_528440
Cat# 06-570; RRID: AB_310177

Chicken anti-GFP (1:2000) Invitrogen Cat# A10262; RRID: AB_2534023
Goat anti-rabbit-647 (1:500) Invitrogen Cat# A-21244; RRID: AB_2535812
Goat anti-mouse-488 (1:500) Invitrogen Cat# A-11029; RRID: AB_2534088
Goat anti-chicken-488 (1:500) Invitrogen Cat# A32931; RRID: AB_2762843
Donkey anti-rabbit-HRP (1:2000) Cytiva Cat# NA934; RRID: AB_772206
Bacterial and virus strains
Drosophila A virus Nigg et al.*® N/A
Drosophila C virus Nigg et al.*® N/A
Nora virus Nigg et al.*® N/A
Bloomfield virus This isolate is available This study

upon request
Erwinia carotovora carotovora 15 (Ecc15) B. Lemaitre; N/A

Buchon et al.?°

Chemicals, peptides, and recombinant proteins

TRIzol

16% paraformaldehyde

Deionized formamide

FD&C Blue No.1

SuperScript Il reverse transcriptase

RNaseOUT Recombinant Ribonuclease Inhibitor
DNase | recombinant, RNase-free

cOmplete EDTA-free Protease Inhibitor Cocktail

Invitrogen
Thermo Scientific
Invitrogen
Thermo Scientific
Invitrogen
Invitrogen

Roche

Roche

Cat# 15596026
Cat# 043368.9M
Cat# AM9342
Cat# 229730250
Cat# 18064022
Cat# 10777019
Cat# 04716728001
Cat# 11873580001

Critical commercial assays

Luminaris Color HiGreen gPCR Master
Mix, low ROX

Maxima H Minus First Strand
cDNA Synthesis Kit

Qubit RNA BR Assay Kit

1-Step Turbo TMB-ELISA substrate solution
TruSeq Stranded mRNA Library Prep kit
IDT for lllumina TruSeq RNA UD Indexes

NEBNext Ultra Il RNA Library
Prep Kit for lllumina

NEBNext Multiplex Oligos for lllumina

Thermo Scientific

Thermo Scientific

Invitrogen
Thermo Scientific
lllumina

lllumina

New England Biolabs

New England Biolabs

Cat# K0374

Cat# K1652

Cat# Q10211
Cat# 34022
Cat# 20020595
Cat# 20022371
Cat# E7770L

Cat# E7600S

NextSeq 500/550 High Output Kit v2.5 lllumina Cat# 20024907

Deposited data

RNAseq data This paper SRA: PRUNA1041289
Microscopy data This paper Zenodo: https://doi.org/10.5281/

zenodo.10079314
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SOURCE

IDENTIFIER

Experimental models: Organisms/strains

D. melanogaster: w18

D. melanogaster: w18

infected with DAV
D. melanogaster: w
infected with DCV

D. melanogaster: w
with Nora virus

persistently

1118 persistently

1118 persistently infected

D. melanogaster: w'1®
with Bloomfield virus
D. melanogaster: esg-GAL4, tubGAL80
ts UAS-GFP

D. melanogaster: esg-GAL4 UAS-GFP; Su(H)
GBE-GALB80 tubGALS8O0 ts

D. melanogaster: UAS-Wee1; UAS-Dacapo

persistently infected

D. melanogaster: UAS-egfr RNAi (GD)
D. melanogaster: UAS-Stat92e RNAi (GD)
D. melanogaster: Act5C-GAL4

D. melanogaster: P{w[+mC]=XP}upd3[d11639]

D. melanogaster: UAS-Bsk RNAI (KK)
D. melanogaster: UAS-GFP RNAI (KK)

D. melanogaster: MyolA-GAL4;
tubGALB8O0 ts UAS-GFP

D. melanogaster: UAS-p35

D. melanogaster: Relisht2°
D. melanogaster: Dif'

o

. melanogaster: Imd’ genotype

Bloomington Drosophila
Stock Center

Nigg et al.*®

Nigg et al.*®
Nigg et al.*®
This study
Jiang et al.’®
|.43

Wang et al

Gift from Laura Buttitta, University
of Michigan, Ann Arbor, MI, USA

Vienna Drosophila Resource Center
Vienna Drosophila Resource Center

Gift from Bruno Lemaitre,Ecole
Polytechnique Fédérale de
Lausanne, Switzerland

Bloomington Drosophila Stock Center

Vienna Drosophila Resource Center
Vienna Drosophila Resource Center

Jiang et al.’®

Gift from Renata Basto,
Institut Curie, Paris, France
Hedengren et al.”®

Rutschmann et al.*®

Lemaitre et al.®

BDSC Cat# 3605;
RRID: BDSC_3605

N/A

N/A

N/A

N/A

N/A

N/A

N/A

VDRC Cat# 43267
VDRC Cat# 43867
N/A

BDSC Cat#19355;
RRID: BDSC_19355

VDRC Cat# 104569
VDRC Cat# 60103
N/A

N/A

N/A
N/A

BDSC Cat# 55711;
RRID: BDSC_55711

D. melanogaster: dSTING™" Goto et al.*® N/A
D. melanogaster: dSTING®®™"! Goto et al.*® N/A
D. melanogaster: UAS-cGLR1 Holleufer et al.*° N/A
D. melanogaster: UAS-cGLR1-AFA Holleufer et al.*° N/A
D. melanogaster: UAS-cGLR2 Holleufer et al.*® N/A
D. melanogaster: UAS-cGLR2-AFA Holleufer et al.”® N/A
Oligonucleotides

Oligonucleotides for RNA FISH of See Table S1 for oligonucleotide N/A
positive strand DAV RNA sequences

DAV_tag_F: 5" AATTCAAGCTCGTCTTCCTCGG Nigg et al.*® N/A
TTGGATCAGGCTAGTGTAGG

DAV_gPCR_R: 5 TGCAACCGGACTCCAAGTTC Nigg et al.*® N/A
Tag_qPCR_F: 5’ AATTCAAGCTCGTCTTCCTCG Nigg et al.*® N/A
DAV_gPCR_R: 5’ GTTGGATCAGGCTAGTGTAGG This study N/A
Rpl32_gPCR_F: 5 CGGATCGATATGCTAAGCTGT This study N/A
Rpl32_gPCR_R: 5 GCGCTTGTTCGATCCGTA This study N/A
Stat92e qPCR_F: 5 TAAACTCCACATCCTCGCCG This study N/A
Stat92e qgPCR_R: 5° GCCAGTTCTTGAGCTCGTGT This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

STAR (version 020201) Dobin et al.® URL: https://github.com/alexdobin/STAR

HTSeq (version 0.6.1p1) Putri et al.®? URL: https://htseq.readthedocs.io/
en/master/index.html#

DESeq2 Love at al.®* URL: https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

RStudio (version 2023.03.1) RStudio Team (2020)%° URL: https://posit.co/products/
open-source/rstudio/

g:Profiler Kolberg et al.®® URL: https://biit.cs.ut.ee/gprofiler/gost

ImagedJ (version 1.53t) NIH URL: https://imagej.nih.gov/ij/

Inkscape (version 0.92) The Inkscape Project URL: https://inkscape.org/

Prism 9 (version 9.5.1) GraphPad Software RRID: SCR_002798

QuPath (version 0.4.3) Bankhead et al.** URL: https://qupath.github.io/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Carla Saleh
(carla.saleh@pasteur.fr).

Materials availability
Materials generated in this study include persistently-infected fly stocks and an antibody against the DAV capsid protein. These are
freely available without restriction from the lead contact upon request.

Data and code availability

o RNA-seq data have been deposited at SRA and are publicly available as of the date of publication. Accession numbers are
listed in the key resources table. Microscopy data reported in this paper have been deposited at Zenodo and are publicly avail-
able as of the date of publication. DOls are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All fly stocks were maintained on a standard cornmeal diet (Bloomington) at 25 °C under a 12:12 hour light:dark cycle. All fly stocks
were treated to clear potential persistent viral infections as previously described.’® Briefly, eggs were treated with 50% bleach for
10 minutes, washed three times with distilled water, and transferred to fresh vials. All fly stocks were checked for the presence of
Wolbachia infection as previously described and, when necessary, treated to clear Wolbachia infection.”® This was accomplished
by rearing the stocks on standard cornmeal diet containing 25 mg/mL tetracycline. Absence of Wolbachia infection was verified
in the F3 of treated flies. Unless otherwise stated, w''"® flies were used for all experiments. Fly stocks with mutations in Relish (Rel-
ishE2%), Dif (Dif"), or Upd3 were isogenized to the w8 line genetic background by backcrossing at least ten times to the w' '8 line as
previously described.®® Isogenized Relish and Dif mutants are the same stocks described by Mongelli et al.?® The isogenized Upd3
mutant and the corresponding w'''® wild-type stock were a gift from P. Vale (University of Edinburgh, Scotland). For Gal4-driven
over-expression or RNAi experiments, virgin females containing the Gal4 driver were crossed with males containing the UAS-trans-
gene and F1 adults (males and females together) were collected at 1-3 days of age. For experiments involving the esg®, esg"s; Su(H)-
Gal80, or Myo 1A™ Gal4 driver lines, crosses were maintained at 18 °C. All other crosses were maintained at 25 °C. Gene expression
or RNAi was induced by shifting flies to 29 °C 24 hours prior to infection. The effectiveness of gene silencing or overexpression was
validated by RT-qPCR (data not shown). GF adult flies were generated by placing newly eclosed adults on standard cornmeal diet
(Bloomington) containing 50 pg/ml ampicillin, 50 ng/ml kanamycin, and 10 pg/ml gentamycin. GF flies were maintained on the anti-
biotic-containing diet and flipped to fresh vials every two days. GF status was verified at 6 and 12 dpi by plating feces on LB agar
plates. The fly stocks and crosses used for the experiments depicted in each figure are as follows.

Figures 1, 2A-2C, 2G, 4, S1, S2, and S3: w'''8

Figures 2D—2F: the F1 of esg"® females crossed with w males

Figure 3: the F1 of esg™; Su(H)-Gal80 females crossed with w'''® or UAS-Wee1; UAS-Dacapo males
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Figures 5A-5C and S4A-S4C: the F1 of esg'™ females crossed with w'''8, UAS-Stat92e RNAi (VDRC Cat# 43867), or UAS-egfr
RNAI (VDRC Cat# 43267) males

Figures 5D, S4D, and S4E: the F1 of Act-Gal4 females crossed with UAS-Stat92e RNAi (VDRC Cat# 43867) males

Figures 5E and S4H: the F1 of Myo1A™ females crossed with UAS-GFP RNAi (VDRC Cat# 60103) or UAS-Bsk RNAi (VDRC Cat#
104569) males

Figures 5F and S41-S4K: the F1 of Myo1A™ females crossed with w'''® or UAS-p35 males

Figure s 6A, 6F, S5A, S5D, and S5E: w'''8 and isogenized Relisht2°

Figures 6B and S5F: Imd" mutants (Bloomington Cat# 55711) or the F1 of Imd! mutant males and w'''® females

Figure s 6C, 6G, and S5G-S51: dSTING®®™® and dSTING™" (gift from J.L. Imler, Université de Strasbourg, France)

Figure s 6D, 6E, 6H, and S6: the F1 of Act-Gal4 females crossed with UAS-cGLR1/2 or UAS-cGLR1/2-AFA males (gift from J.L.
Imler, Université de Strasbourg, France)

Figures 7 and S7: w'"8, isogenized Relish®2°, dSTING®°™ | and dSTING™"

Figures S5B and S5C:w'""® and isogenized Dif’

Figures S4F and S4G:w'""® and isogenized P{w[+mC]=XP}upd3[d11639] (BDSC Cat#19355)

Generation of persistently infected flies

The w'''® fly stocks persistently infected with DAV, DCV, or Nora virus have been described previously.*® The w''8 fly stock persis-
tently infected with Bloomfield virus was generated as described previously.*® Briefly, a Dipt-GFP reporter fly stock (BDSC Cat#
55709) was found to be contaminated with Bloomfield virus during routine screening. We homogenized the infected flies in PBS
(5 pl/fly) and filtered the homogenate through a 0.22 um filter. The homogenate was injected into 20 female and 10 male w'''® flies
(50 ni/fly) and the injected flies were placed in fresh vials containing standard cornmeal diet. After 3 days, the injected flies (FO) were
removed and the F1 was reared in the same vial. The F1 flies were moved to a fresh vial 5 days after eclosion of the first adults. The F1
flies were removed from this vial after 9 days and F2 flies were moved to a new vial 5 days after eclosion of the first adults. The F2 was
treated in the same manner and F3 adults were taken as the persistently infected stock. The presence of Bloomfield virus and the
absence of other known Drosophila-infecting viruses was confirmed by total RNA sequencing.

METHOD DETAILS

Viral infections

Allinfections were performed using groups of 20-40 mated adult female flies (3-5 days old). All infections were performed at 29 °C and
infected flies were maintained at 29 °C unless otherwise stated. Flies were moved from their rearing temperature to 29 °C 24 hours
prior to infection and starved for 5 hours prior to infection. Inoculation of standard cornmeal diet was performed by evenly coating the
surface of the fly food with 100 ul of a DAV stock (1.3-2.0 x 10° oral infectious dose 50% units/ml, see viral stock preparation and
titration details below). Flies were placed on the contaminated food immediately following inoculation and were maintained on the
contaminated food for 24 hours before being moved to fresh vials in groups of 20 flies/vial. The time at which flies were moved
from the contaminated vials to fresh vials was considered as 0 dpi. Subsequently, the flies were flipped to fresh vials every two
days. Mock-infections were performed in the same manner.

For experiments involving persistently-infected flies (as in Figures 2C, S1F, and S1G), 10 males and 10 females of unknown age
were collected from standard rearing vials for each persistently-infected stock or from standard rearing vials of uninfected w'' '8 flies.
These flies (referred to as the FO) were placed in fresh vials at 25 °C. 10 vials were setup in this manner for each fly stock and the FO
flies were removed after 10 days. The F1 flies (males and females together) were collected on the day of eclosion (referred to as
0 days-post eclosion) and moved to 29 °C. After 24 hours, the male F1 flies were removed and the female F1 flies were sorted
into fresh vials at a density of 20 flies/vial. Subsequently, the flies were flipped to fresh vials every two days.

Ecc15 infections

Ecc15 infections were performed at 29 °C using groups of 30 mated adult female flies (3-5 days old). Flies were moved from their
rearing temperature to 29 °C 24 hours prior to infection and starved for 2 hours prior to infection. Inoculation of 5% sucrose agar vials
was performed by placing a piece of Whatman filter paper on the surface of the media and applying 600 pl of infection solution directly
to the filter paper. Infection solution consisted of 300 ul of Ecc15 (ODggg = 200) in Luria-Bertani broth mixed with 300 ul of 5% sucrose.
Mock infection solution consisted of 300 pl of Luria-Bertani broth mixed with 300 ul of 5% sucrose. Flies were fed on the infection
solution for 24 hours before midgut dissection.

Antibody production

A polyclonal antibody against the DAV capsid protein (referred to as anti-DAV) was produced by GenScript Biotech (Piscataway, New
Jersey, United States) using the PolyExpress Polyclonal Antibody Service. Briefly, New Zealand rabbits were immunized with the
entire DAV capsid protein (GenBank accession no. YP_003038596) expressed in and purified from E. coli and anti-DAV was purified
from the sera of immunized rabbits by affinity purification. The sensitivity and specificity of anti-DAV was verified by ELISA and west-
ern blot.
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Viral stock preparation and titration

DAV stocks used for all experiments were prepared from w'' '@ flies persistently infected with DAV. Flies of mixed ages and sex were
collected from standard rearing vials and homogenized in 1x PBS (3 pl/fly). Homogenates were snap-frozen in a bath of dry ice/70%
ethanol, stored overnight at -80 °C, thawed on ice, and clarified twice by centrifugation at 15,000 x g for 10 minutes at 4 °C. The clar-
ified homogenate was filtered through a 0.22 um filter and single use aliquots (100 pl) were snap-frozen in a bath of dry ice/70%
ethanol and stored at -80 °C. A mock viral stock was prepared in the same manner using uninfected w''"8 flies.

DAV stocks were titered by 50% endpoint dilution via in vivo oral infection in adult flies to calculate an oral infectious dose 50%
(OIDsg) for DAV stocks. The presence or absence of infection at 12 dpi was determined by ELISA in individual flies infected with a
dilution series of DAV stock to calculate the OIDsq according to the Reed and Muench method.® In detail, oral infections were per-
formed as described above using ten-fold serially diluted DAV stocks ranging from undiluted to 107°. Mock-infected flies served as a
negative control. Individual flies (8 flies/dilution) were collected at 12 dpi and homogenized in 100 ul 1x PBS. 20 ul of each homog-
enate was mixed with 20 pl of lysis buffer (40 mM HEPES, pH 7.5, 2 mM DTT, 200 uM KClI, 10% glycerol, 0.1% NP-40, 1x cOmplete
EDTA-free Protease Inhibitor Cocktail (Roche, 11873580001)) and incubated at room temperature for 15 minutes. 10 ul of the homo-
genate:lysis buffer mixture was added to 190 ul of 0.05 M carbonate-bicarbonate buffer, pH 9.6 in an Immuno 96-well flat bottom
clear non-sterile plate, Nunc, MaxiSorp (Thermo Fisher, 442404) and incubated for 2 hours at room temperature. The plate was
then washed three times with 200 pl/well of 1x PBS, 0.05% Tween-20 and incubated at room temperature for 2 hours with
200 pl/well of blocking buffer (1x PBS, 0.05% Tween-20, 5% non-fat dry milk). The plate was then washed three times with
200 pl/well of 1x PBS, 0.05% Tween-20 and incubated overnight at 4 °C with 100 pl/well of anti-DAV diluted 1:2000 in blocking buffer.
The plate was then washed four times with 200 pl/well of 1x PBS, 0.05% Tween-20 and incubated at room temperature for 2 hours
with 100 pl/well of donkey anti-rabbit IgG-HRP (Cytiva, NA934) diluted 1:2000 in blocking buffer. The plate was then washed four
times with 200 pl/well of 1x PBS, 0.05% Tween-20 and incubated at room temperature for 2 hours with 100 pl/well of 1-Step Turbo
TMB-ELISA substrate solution (Thermo Fisher, 34022). The reaction was stopped by addition of 100 pl/well of 2N HCI and absor-
bance at 450 nm was read on a Tecan Infinite M200 PRO plate reader. Infection status was determined for each fly based on
Ausp values and the threshold for infection was set as the average A4 for mock-infected flies plus ten times the standard deviation
of A4s for the mock-infected flies. The OIDso of DAV stocks was calculated based on the infection prevalence for each dilution ac-
cording to the Reed and Muench method.®®

RNA extraction and RT-qPCR

Total RNA was extracted from whole flies, dissected midguts, or carcasses using TRIzol Reagent (Invitrogen, 15596026) according to
the manufacturer’s instructions and RNA concentration was measured with the Qubit RNA BR Assay Kit (Invitrogen, Q10211). Midgut
samples were prepared by first dissecting the entire alimentary canal and then carefully removing non-midgut tissues (the Malpighian
tubules, the foregut and crop, and all tissues, posterior to the midgut/hindgut junction). Carcasses included the entire fly body with
the exception of the head and the alimentary canal.

DAV negative strand-specific RT-qPCR was performed as previously described.*® Briefly RNA was reverse transcribed with DAV_
tag_F (5" AATTCAAGCTCGTCTTCCTCGGTTGGATCAGGCTAGTGTAGG) using SuperScript II Reverse Transcriptase (Invitrogen,
18064022) according to the manufacturer’s instructions with the following modifications: reverse transcription was performed at
50 °C for 30 minutes and reactions were heat inactivated for 15 minutes at 95 °C. cDNA was diluted 1:10 with distilled water and
gPCR was performed in triplicate 10 ul reactions with the primers Tag_qgPCR_F (5° AATTCAAGCTCGTCTTCCTCG) and
DAV_gPCR_R (5 TGCAACCGGACTCCAAGTTC) using Luminaris Color HiGreen gPCR Master Mix, low ROX according to the man-
ufacturer’s instructions (Thermo Scientific, KO374). qCPR was performed with a QuantStudio 7 Flex instrument (Applied Biosystems).
The starting quantity of negative strand DAV RNA in each reverse transcription reaction was determined by absolute quantification by
comparison to a standard curve generated by RT-gPCR of ten-fold serially diluted negative strand DAV RNA ranging from 102 to 108
copies/reaction. Samples below the limit of detection (10 copies/reaction) were considered to have 0 negative strand copies. The
number of negative strand copies per tissue was calculated from these data based on the RNA yield for each sample.

To calculate relative DAV RNA levels, RNA was treated DNase | recombinant, RNase-free (Roche, 04716728001) and reverse tran-
scribed with Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, K1652) according to the manufacturers’ instruc-
tions. The cDNA was diluted 1:10 with distilled water and amplified in triplicate 10 ul gPCR reactions for each sample and target using
Luminaris Color HiGreen gPCR Master Mix, low ROX (Thermo Scientific, KO374) according to the manufacturer’s instructions
(Thermo Scientific, KO374). DAV RNA was detected with the primers DAV_gPCR_F (5° GTTGGATCAGGCTAGTGTAGG) and
DAV_gPCR_R (5° TGCAACCGGACTCCAAGTTC) and Rpl32 RNA was detected with the primers Rpl32_gPCR_F (5’
CGGATCGATATGCTAAGCTGT) and Rpl32_gPCR_R (5’ GCGCTTGTTCGATCCGTA). Relative DAV RNA levels were determined us-
ing the delta-delta Ct method.?” DAV RNA levels in each sample were normalized to those of Rpl32 and are shown relative to the
samples indicated in each figure legend. Relative levels of stat92e RNA were measured in the same manner using the primers
Stat92e_gPCR_F (5° TAAACTCCACATCCTCGCCQG) and Stat92e_gPCR_R (5’ GCCAGTTCTTGAGCTCGTGT)

Survival analysis

Survival analyses following oral infection were conducted using biological replicates of 10-20 flies/replicate sorted at 1 dpi. Survival
analyses for persistently infected flies were conducted by collecting male and female flies together on the day of eclosion. These flies
were allowed to mate for 24 hours before being sorted into replicates of 20 flies/replicate. Survival analyses for persistently infected
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flies were done using flies maintained at 25 °C. All statistical comparisons involved flies maintained at identical initial population den-
sities. Survival was monitored daily by counting the number of dead flies in each vial and flies were flipped to fresh vials every two
days. For direct comparisons of survival curves (as in Figures 1B, 2C, 3C, S1A, S5D, and S6C), the survival data from all replicates of a
given treatment and genotype were pooled and compared using a log-rank (Mantel-Cox) test. As expected, genotype and rearing
condition (GF vs. CR) strongly influenced survival even under mock-infected conditions, confounding direct comparison of survival
curves for DAV-infected flies of different genotypes or rearing conditions. Thus, we used the relative median survival to compare the
influence of DAV infection on survival between different genotypes or rearing conditions while taking into account the different back-
ground survival rates of mock-infected flies (as in Figures 3B, 6F-6H, S1C, and S4l). To calculate relative median survival, we first
averaged the median survival (in days) of mock- or DAV-infected flies across biological replicates for a given genotype or treatment.
We then calculated relative median survival as the average median survival across replicates of DAV-infected flies divided by the
average median survival across replicates of mock-infected flies. For example, a relative median survival of 0.6 indicates that the
average median survival of DAV-infected flies across biological replicates was 0.6 times that of mock-infected flies. The relative stan-
dard deviations of relative median survival values were calculated by propagation of error using the formula:

oDAV\? (sMock\®
= X
ors = v x| (DAY, (oock
Where ¢RMS = standard deviation of the relative median survival, RMS = relative median survival, DAV = standard deviation of the
median survival for DAV-infected biological replicates, DAV = average median survival of the DAV-infected biological replicates,
oMock = standard deviation of the median survival for mock-infected biological replicates, and Mock = average median survival

of the mock-infected biological replicates. The values of sRMS, RMS, and sample size were used to determine the statistical signif-
icance of differences between relative median survival values using a two-tailed T-test.

Smurf assay

Smurf assays for measurement of intestinal barrier function were setup using biological replicates of 20 female w'''® flies as
described for survival analysis. Beginning from 7 dpi, flies were continuously maintained in vials in which 100 pl of a sterile solution
of 32% FD&C blue dye #1 had been evenly spread on the surface of the diet. Following application of the blue dye solution, the vials
were left to dry overnight at 25 °C before being used to house flies. Flies were flipped to fresh blue-dye treated vials every two days
and “smurfness” was scored daily by examination of flies under a dissection microscope according to Martins et al.?® Dead flies were
thoroughly washed with water to ensure that assessments of their blue coloration were based on internal blue dye rather than blue
dye accumulated on external body surfaces. We calculated the median time (in days) until development of the smurf phenotype for
each biological replicate and we evaluated the significance of differences in these median values between replicates of mock- and
DAV-infected flies using a two-tailed T-test.

RNA FISH, immunofluorescence, and imaging

For detection of positive strand DAV RNA by RNA FISH, whole digestive tracts were dissected from mock- or DAV-infected flies in 1x
PBS over a period of 20 minutes. Dissected tissues were subsequently fixed in 4% paraformaldehyde, 0.3% Tween-20 for 20 mi-
nutes, washed twice for 2 minutes each time with 1x PBT (1x PBS, 0.1% Triton X-100), and then permeabilized by incubation in
1x PBS, 0.5% Triton X-100 for 20 minutes. Permeabilized tissue samples were washed for 2 minutes and then again for 10 minutes
in fresh wash buffer (10% deionized formamide, 2x SSC) at room temperature. Finally, tissue samples were washed again with pre-
warmed wash buffer at 37 °C for 5 minutes and then incubated overnight with gentle shaking at 37 °C in prewarmed hybridization
buffer containing 200 nM of 3' ATTO 647-labeled DAV-specific oligonucleotides synthesized by DNA Script using a SYNTAX STX-
200 instrument®® (see Table S1 for oligonucleotide sequences, all oligonucleotides were mixed in equimolar amount). The hybridiza-
tion buffer consisted of 10% deionized formamide, 5% dextran sulfate, 2x SSC, and 200 nM labeled oligonucleotides. The next day,
tissue samples were washed for 2 minutes in fresh washer buffer and then rinsed three times for 10 minutes each time in 2x SSC.
Subsequently, tissue samples were washed in 1x PBT for 2 minutes and then again for 10 minutes. DAPI was added to the second
PBT wash at a final concentration of 1 ng/ml. Finally, tissue samples were mounted in 4% N-propyl-gallate, 80% glycerol.

For immunofluorescence of digestive tissues, whole digestive tracts were dissected in 1x PBS over a period of 20 minutes and
placed directly into 4% paraformaldehyde for fixation. Fixation continued for an additional 50 minutes following the end of the 20 min-
ute dissection period. Fixed tissues were washed for 10 minutes three times (30 minutes total) in 1x PBT, incubated in 1x PBS, 50%
glycerol for 30 minutes, and then equilibrated in 1x PBT for 30 minutes prior to incubation with primary antibodies diluted in 1x PBT.
Primary antibody incubation occurred overnight at 4 °C. Tissues were then washed for 10 minutes three times before incubation with
secondary antibodies diluted in 1x PBT. Secondary antibody incubation occurred for 3-5 hours at room temperature. Finally, tissues
were washed for 10 minutes three times (the final wash contained 1 pg/ml DAPI) and mounted in 4% N-propyl-gallate, 80% glycerol.
The following primary antibodies were used: anti-DAV (rabbit, 1:1000, generated in this study), anti-Delta (mouse, 1:1000, DSHB,
¢c594.9b), anti-Prospero (mouse, 1:1000, DSHB, MR1A), anti-PH3 (rabbit, 1:1000, Merck Millipore, 06-570), anti-GFP (chicken,
1:2000, Invitrogen, A10262). Anti-Delta (DSHB, c594.9b) and anti-Prospero (DSHB, MR1A), developed by Artavanis-Tsakonas, S
and Doe, C.Q., respectively, were obtained from the Developmental Studies Hybridoma Bank, created by the NICHD of the NIH
and maintained at The University of lowa, Department of Biology, lowa City, IA 52242. The following secondary antibodies were
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used: anti-rabbit 647 (goat, 1:500, Invitrogen, A-21244), anti-mouse-488 (goat, 1:500, Invitrogen, A-11029), anti-chicken-488 (goat,
1:500, Invitrogen, A32931). All imaging was performed on a Zeiss LSM 700 confocal microscope at the Institut Pasteur Unit of Tech-
nology and Service Photonic Bioimaging platform. All images are single Z-slices. For experiments involving comparison of one or
more images, images within the experiment were acquired using the same settings and any post-acquisition modifications were
applied equally to images of control and experimental samples.

RNA-seq analysis

For the RNA-seq data depicted in Figures 4 and S3, CR or GF flies were infected as described above. Midguts were dissected at 6
and 12 dpi in 1x PBS. Midguts were dissected in 5 pools of 5 guts/pool, placed in 40 pl of ice-cold 1x PBS, and immediately trans-
ferred to dry ice upon dissection of each pool. Midgut samples included only the midgut portion of the alimentary canal as described
for RNA extraction above. RNA was extracted from midgut pools using 300 ul TRIzol reagent according to the manufacturer’s instruc-
tions. RNA-seq libraries were prepared with 150 ng RNA from 4 randomly selected pools/condition using a TruSeq Stranded mRNA
Library Prep kit (lllumina, 20020595) with IDT for lllumina TruSeq RNA UD Indexes (lllumina, 20022371).

For the RNA-seq data depicted in Figures 7 and S7, flies were infected as described above. Midguts were dissected at 8 dpi. In-
dividual midguts (12 midguts/condition) were dissected in 1x PBS, immediately transferred to 40 pl of ice-cold 1x PBS, and placed on
dry-ice. RNA was extracted from individual midguts using 300 pl TRIzol reagent according to the manufacturer’s instructions. RNA
concentrations were measured using the Qubit RNA BR Assay Kit (Invitrogen, Q10211). Within each condition, individual midguts
were randomly assigned to 4 pools of 3 midguts/pool and 50 ng RNA from each individual midgut was combined to prepare the
RNA pools. RNA-seq libraries were prepared from 150 ng of pooled RNA using an NEBNext Ultra Il RNA Library Prep Kit for lllumina
(New England Biolabs, E7770L) with NEBNext Multiplex Oligos for lllumina (Dual Index Primers Set 1) (New England Biolabs,
E7600S). All sequencing was performed on an lllumina NextSeq 500 instrument using a NextSeq 500/550 High Output Kit v2.5
(75 cycles)(lllumina, 20024906).

Reads were mapped to the D. melanogaster genome (release dmel_r6.43) with STAR®" (version 020201). Feature counting was
performed with HTSeq®? (version 0.6.1p1) using the default settings and differential gene expression analysis was performed with
DESeq2°* in R Studio (version 2023.03.1)%%, Log, fold changes were shrunken using the ashr algorithm and only adjusted p-values
were considered for analysis.

Gene Ontology enrichment analysis
Gene Ontology enrichment analysis was performed with the g:GOSt function of g:Profiler®® using the default settings.

QUANTIFICATION AND STATISTICAL ANALYSIS

All plots of data were prepared using ggplot2 in R Studio (version 2023.03.1)%. Confocal images were minimally processed in ImageJ
(version 1.53t). Adjustments made to raw images included cropping, annotation, and adjustments to brightness and contrast applied
across the entire image. Figures were assembled in Inkscape (version 0.92). Statistical analyses were performed using the GraphPad
Prism software (version 9.5.1). Mitotic cells (PH3+ cells) were counted manually in the entire midgut and analyzed using Kruskall-
Wallis tests or by two-way ANOVA with Turkey’s post-hoc tests. For scoring of Esg+ cells, total nuclei and Esg+ nuclei were identified
using QuPath®* (version 0.4.3) in unprocessed confocal images acquired at 25x from R2 and R4 midgut regions. Analysis regions
were defined manually for each image to include the entire region of the midgut present in the field, but to exclude non-target tissues
that were occasionally present in the field (Malpighian tubules, non-target midgut regions present due to the orientation of the
mounted tissue sample, and other midguts located nearby on the slide). Proportions of Esg+ cells were analyzed by two-way
ANOVA with Turkey’s post-hoc tests. Survival was analyzed by log-rank (Mantel-Cox) tests and two-tailed T-tests as described un-
der survival analysis. Adjusted p-values associated with RNA-seq data are the results of Wald tests as implemented in DEseqg2.%
Negative-strand DAV RNA levels and relative DAV RNA levels obtained by RT-gPCR were analyzed using two-tailed T-tests. Com-
plete details regarding the statistical tests used, sample sizes, dispersion and precision measures, and definitions of significance are
reported in the figure legends.
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Figure S1. Viral infection disrupts intestinal homeostasis, Related to Figures 1 and 2

(A) Survival of mock-infected and DA V-infected flies maintained at 25 °C. Shaded regions: 95%
confidence intervals. Three biological replicates (n=20 flies/replicate) were analyzed. The p-
value from a log-rank (Mantel-Cox) test is shown.



(B) Representative images of DAPI-stained R4 midgut regions at 8 dpi from mock-infected or
DAV-infected flies maintained under GF conditions. Scale bars: 50 um.

(C) Relative median survival of DAV-infected flies maintained under CR or GF conditions. Bar
height indicates the average of biological replicates (n=20 flies/replicate).

(D) Full survival curve data associated with panel (C). Shaded regions: 95% confidence
intervals. Three biological replicates (n=20 flies/replicate) were analyzed.

(E) Quantification of PH3+ cells at 8 dpi in midguts from mock-infected or DAV-infected flies
maintained at 25 °C.

(F) Quantification of PH3+ cells at 20 days-post eclosion in midguts from uninfected w!’/® flies
or isogenic w!’® flies persistently infected with DAV, DCV, Nora virus, or Bloomfield virus.

(G) Representative images of DAPI-stained R4 midgut regions at 20 days-post eclosion from
uninfected w//!% flies or isogenic w!/!% flies persistently infected with DAV, DCV, Nora virus, or
Bloomfield virus. Scale bars: 50 um.

Error bars in (C) indicate S.D. Error bars in (E and F) indicate median with 1 and 3™ quartiles.
Results were compared with a two-tailed T-test (C), a two-tailed Mann-Whitney test (E), or a
Kruskal-Wallis test with a Dunn’s multiple comparisons test (F); ns = non-significant, *p < 0.05,
*#p <0.01, ***p <0.001. Numbers of biological replicates indicated in parentheses.
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Figure S2. Detection of DAV RNA by RNA FISH in the guts of mock-infected flies, Related
to Figure 1 and Table S1

(A) RNA FISH of positive strand DAV RNA in guts from mock-infected flies. Scale bars: 1 mm.
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Figure S3. DAYV infection upregulates genes related to NF-kB signaling in the gut, Related
to Figure 4, Data S1, and Data S2

(A) Negative strand-specific RT-qPCR of DAV RNA in dissected midguts from DAV-infected
flies maintained under CR or GF conditions. n=5 pools of 5 midguts/pool for each time and
condition. Error bars indicate median with 1% and 3™ quartiles. Results were compared by two-
way ANOVA with Turkey’s multiple comparisons tests; ns = non-significant.

(B-D) Expression of select genes regulated by the IMD pathway (A), Toll pathway (B), or Sting-
Relish signaling (C). Text and color indicate the log2 fold change (Log2FC) of expression in
DAV-infected midguts/mock-infected midguts and in DAV-infected CR/GF midguts. Only



genes with adjusted p-value < 0.05 are shown. Adjusted p-values are the results of Wald tests as
implemented in DEseq2'?’.
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Figure S4. DAV-induced ISC proliferation does not require Upd3 or caspase-dependent
apoptosis, Related to Figure 5

(A) Quantification of Esg+ cells in R2 midgut regions at 8 dpi from mock-infected or DAV-
infected flies of the indicated genotypes.

(B) Relative DAV RNA levels at 8 dpi in DA V-infected flies of the indicated genotypes. DAV
RNA levels are shown relative to the esg” > + samples.

(C) Quantification of PH3+ cells at 24 hours-post infection in midguts from mock-infected or
Eccl5-infected flies of the indicated genotypes.

(D) Relative Stat92e RNA levels at 8 dpi in DA V-infected flies of the indicated genotypes.
Stat92e RNA levels are shown relative to the Act-Gal4 > + samples.

(E) Relative DAV RNA levels at 8 dpi in DAV-infected flies of the indicated genotypes. DAV
RNA levels are shown relative to the Act-Gal4 > + samples.

(F) Quantification of PH3+ cells at 8 dpi in midguts from mock-infected or DAV-infected flies
of the indicated genotypes.

(G and H) Relative DAV RNA levels at 8 dpi in DAV-infected flies of the indicated genotypes.
DAV RNA levels are shown relative to the WT (E) or MyolA” > GFP RNA:i (F) samples.

() Relative median survival of DAV-infected flies of the indicated genotypes. Bar height
indicates the average of biological replicates (n=20 flies/replicate).

(J) Full survival curve data associated with panel (I). Shaded regions: 95% confidence intervals.
Three biological replicates (n=20 flies/replicate) were analyzed.

(K) Relative DAV RNA levels at 8 dpi in DAV-infected flies of the indicated genotypes. DAV
RNA levels are shown relative to the MyolA4* > + samples.

Error bars in (A-H and K) indicate median with 1% and 3™ quartiles. Error bars in (I) indicate
S.D. Results were compared by two-way ANOVA with Turkey’s multiple comparisons tests (A,
C, and F), a Kruskal-Wallis test with a Dunn’s multiple comparisons test (B), or two-tailed T-
tests (D, E, G, H, I, and K); ns = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. Numbers
of biological replicates indicated in parentheses for (A, C, F, and I). n = 8 individuals flies for (B,
D, E, G, H, and K).
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Figure S5. DAV-induced ISC proliferation requires Sting-Relish signaling, Related to
Figure 6

(A) Relative DAV RNA levels at 8 dpi in DAV-infected flies of the indicated genotypes. DAV
RNA levels are shown relative to the WT :Relish samples.

(B) Quantification of PH3+ cells at 8 dpi in midguts from mock-infected or DAV-infected flies
of the indicated genotypes.

(C) Relative DAV RNA levels at 8 dpi in DAV-infected flies of the indicated genotypes. DAV
RNA levels are shown relative to the WT “*P¥ samples.

(D) Survival of mock-infected and DA V-infected flies of the indicated genotypes. Corresponds
to the same data depicted in Figure 6F. Shaded regions: 95% confidence intervals. Six biological
replicates (n=20 flies/replicate) were analyzed. The p-values from log-rank (Mantel-Cox) tests
are shown.

(E) Quantification of PH3+ cells at 4 dpi in midguts from mock-infected or DAV-infected flies
of the indicated genotypes.

(F and G) Relative DAV RNA levels at 8 dpi in DAV-infected flies of the indicated genotypes.
DAV RNA levels are shown relative to the Imd (+/-) (F), or WT °:5i¢ (G) samples.

(H) Quantification of PH3+ cells at 8 dpi in midguts from mock-infected or DAV-infected flies
of the indicated genotypes.

() Survival of mock-infected and DAV-infected flies of the indicated genotypes. Corresponds to
the same data depicted in Figure 6G. Shaded regions: 95% confidence intervals. Six biological
replicates (n=15-20 flies/replicate) were analyzed. The p-values from log-rank (Mantel-Cox)
tests are shown.

Error bars in (A-C, and E-H) indicate median with 1% and 3™ quartiles. Results were compared
with two-tailed T-tests (A, C, F, and G) or by two-way ANOVA with Turkey’s multiple
comparisons tests (B, E, and H); ns = non-significant, *p < 0.05, **p <0.01, ***p <0.001.
Numbers of biological replicates indicated in parentheses for (B, E, and H). n = 8 individuals
flies for (A, C, F, and G).
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Figure S6. Activation of Sting-Relish signaling disrupts intestinal homeostasis and reduces
lifespan, Related to Figure 6

(B) Representative images of DAPI-stained R4 midgut regions at 8 dpi from DAV-infected flies
of the indicated genotypes. Scale bars: 50 pm.

(A) Relative DAV RNA levels at 8 dpi in DAV-infected flies of the indicated genotypes. DAV
RNA levels are shown relative to the cGLR1-AFA samples. Results were compared by a
Kruskal-Wallis test with Dunn’s multiple comparisons test; ns = non-significant. n = 8
individuals flies.

(C) Survival of mock-infected and DAV-infected flies of the indicated genotypes. Corresponds
to the same data depicted in Figure 6H. Shaded regions: 95% confidence intervals. Six biological



replicates (n=15-20 flies/replicate) were analyzed. The p-values from log-rank (Mantel-Cox)
tests are shown.
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Figure S7. DAV-induced upregulation of genes belonging to epithelial repair pathways is
diminished in Sting or Relish mutants, Related to Figure 7 and Data S4

(A) Relative DAV RNA levels at 8 dpi in dissected midguts from DAV-infected flies of the
indicated genotypes. n=12 individual midguts. Error bars indicate median with 1 and 3™
quartiles. Results were compared by a Kruskal-Wallis test with a Dunn’s multiple comparisons
tes; ns = non-significant, *p < 0.05.

(B-F) Expression of select genes regulated by the IMD pathway (B), Sting-Relish signaling (C),
the EGFR pathway (D), the JNK pathway (E), or the JAK-STAT pathway (F). Text and color
indicate the log2 fold change (Log2FC) of expression in DAV-infected midguts/mock-infected
midguts from flies of the indicated genotypes. Only genes with adjusted p-value < 0.05 are
shown (Wald test).

Name Sequence (5° > 3°) Modification | Supplier

DAV positive 1 | AGGCATACCCTCAAGTTTGGTCCTAATCT 37 ATTO 647 | DNA Script
DAV positive 2 | TGGTTTCGACAGTCTGAACTGCTTCATCAG 3> ATTO 647 | DNA Script
DAV positive 3 | GTGATATCCTCGTCAATAGAGACTGCTCC 37 ATTO 647 | DNA Script
DAV positive 4 | ACCATTGGGCAATTCTTTCCCACAATTTGA 37 ATTO 647 | DNA Script
DAV positive 5 | GTTGAGTCTCGTCCTTTGTTCTGCGGTCA 3> ATTO 647 | DNA Script
DAV positive 6 | GATATCCATTTGGTGAATCCTGAGAATCTCC | 3° ATTO 647 | DNA Script
DAV positive 7 | TCTCAAAGCTGACGTTCTGGCTGCAGTA 3> ATTO 647 | DNA Script
DAV positive 8 | GTACTCATCATTCAAATTCGCCTCAGGAGG 3> ATTO 647 | DNA Script
DAV positive 9 | ATATGTTCTGGCTTCGTTCCGGTTTGCTC 3’ ATTO 647 | DNA Script
DAV positive 10 | TCCGAGGTATGCTGAATCCCATTGTTATC 3> ATTO 647 | DNA Script
DAV positive 11 | GACATGTATCACACGGTGTCTGTGGTACAC 3’ ATTO 647 | DNA Script
DAV positive 12 | TTGTCTCTTCATCCATTCAACTACTTGGG 3> ATTO 647 | DNA Script
DAV positive 13 | GACAGTCTTGCCATCCACGATAAAGTGGG 3> ATTO 647 | DNA Script
DAV positive 14 | CTACACCTAAATCCTTTCTGAGATGGTGGAG | 3° ATTO 647 | DNA Script
DAV positive 15 | CACACACATAGGGTCTAGTTTTCTCTTTAAGC | 3° ATTO 647 | DNA Script
DAV positive 16 | CTTTTTGCCTGCTGAAACTGTTCTTGCCA 3” ATTO 647 | DNA Script
DAV positive 17 | AACTTTCTTGGTGTCAACCACAGGTAGTCGA | 3° ATTO 647 | DNA Script
DAV positive 18 | CTTATATTCGGCTACATACTGTTTGGCTTCC 37 ATTO 647 | DNA Script
DAYV positive 19 | TCGCATAAACCTGATTCACAGTGCTTCTAT 3’ ATTO 647 | DNA Script
DAV positive 20 | TGTTACTGGAGCATTCACTGCTCTAAGTTG 37 ATTO 647 | DNA Script
DAV positive 21 | GGACCTTGGGTGTAATACTTGAGACATTTGC | 3’ ATTO 647 | DNA Script
DAYV positive 22 | GTATCTCCAGTGCGAATGTAATCTTTGGCAT | 3° ATTO 647 | DNA Script
DAV positive 23 | TGTCTTCAAGGTAGTAGGTTACATTTGTCCCT | 3° ATTO 647 | DNA Script
DAV positive 24 | GCATTTGTATACACATAAGCCTGGTGGGC 3’ ATTO 647 | DNA Script

Table S1. Oligonucleotides used to detect positive strand DAV RNA by RNA FISH, related

to STAR Methods, Figure 1C, and Figure S2.
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