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ABSTRACT West Nile virus (WNV) is the most prevalent mosquito-borne virus in the
United States with approximately 2,000 cases each year. There are currently no approved
human vaccines and a lack of prophylactic and therapeutic treatments. Understanding
host responses to infection may reveal potential intervention targets to reduce virus
replication and disease progression. The use of Drosophila melanogaster as a model
organism to understand innate immunity and host antiviral responses is well-estab-
lished. Previous studies revealed that insulin-mediated signaling regulates WNV infection
in invertebrates by regulating canonical antiviral pathways. Because insulin signaling is
well-conserved across insect and mammalian species, we sought to determine if results
using D. melanogaster can be extrapolated for the analysis of orthologous pathways in
humans. Here, we identify insulin-mediated endothelin signaling using the D. mela-
nogaster model and evaluate an orthologous pathway in human cells during WNV
infection. We demonstrate that endothelin signaling reduces WNV replication through
the activation of canonical antiviral signaling. Taken together, our findings show that
endothelin-mediated antiviral immunity is broadly conserved across species and reduces
replication of viruses that can cause severe human disease.

IMPORTANCE Arboviruses, particularly those transmitted by mosquitoes, pose a
significant threat to humans and are an increasing concern because of climate change,
human activity, and expanding vector-competent populations. West Nile virus is of
significant concern as the most frequent mosquito-borne disease transmitted annually
within the continental United States. Here, we identify a previously uncharacterized
signaling pathway that impacts West Nile virus infection, namely endothelin signaling.
Additionally, we demonstrate that we can successfully translate results obtained from D.
melanogaster into the more relevant human system. Our results add to the growing field
of insulin-mediated antiviral immunity and identify potential biomarkers or intervention
targets to better address West Nile virus infection and severe disease.

KEYWORDS RNA sequencing, Drosophila melanogaster, immunity, AKT, CG43775

West Nile virus (WNV) is a member of the family Flaviviridae and is transmit-
ted predominately between Culex quinquefasciatus and birds with humans as
incidental “dead-end” hosts (1). WNV was introduced to the Western Hemisphere in
New York in 1999 and has since become endemic in the United States (2-4). Like other
arthropod-borne viruses, WNV poses a significant health threat due to the expansion of
mosquito range and activity (5-7) without effective means to address these concerns at
a transmission or clinical level. While our ability to intervene in arboviral exposure at the
vector-transmission level has progressed significantly in the past decade through genetic
(8), microbial (9), or small molecule (10) targeting of mosquito responses, addressing
WNV clinical cases has lagged. There are currently no vaccines or specific treatments
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available for treating WNV with the best approaches being disease management and
pain relief (11).

Drosophila melanogaster is an established model organism that has been used for
studying host responses. This is due to its readily accessible and annotated genome
that permits broad or targeted study of specific signaling pathways or interactions. D.
melanogaster has been successfully used to study innate immune responses to flavivirus
infection including WNV (12, 13) and Zika virus (ZIKV) (14). Previous investigation
identified insulin-mediated induction of JAK/STAT as a critical component of host survival
and immunity to WNV in D. melanogaster that was conserved in Culex quinquefasciatus
(13). Because of the broad conservation that the insulin signaling pathway is across
species, especially from D. melanogaster to human systems (15, 16), we rationalize that
insulin-mediated antiviral immunity may exist in the human innate immune system as
well. Previous studies have shown that viral infection may target components of insulin
signaling that can result in insulin resistance and dysfunction (17-21), but there is limited
investigation about how this host-virus interaction can be a potential intervention target.
Because of the substantial number of downstream signaling pathways insulin signaling
impacts, we sought to identify previously unidentified signaling pathways that canonical
insulin signaling regulates and may have important roles in the host response to viral
infection. In addition, because of the significant conservation that insulin signaling
possesses across species and the genetic power of the D. melanogaster model, we
propose that we can extrapolate identified pathways from D. melanogaster and their
orthologous pathways in the human system.

In this study, we performed RNA sequencing (RNAseq) in D. melanogaster during
WNV infection to identify novel antiviral response elements that are activated in the
presence of insulin. We find that insulin induces numerous genes including canonical
antiviral response elements as well as genes that were previously uncharacterized
components of host immunity. We then evaluate the impact that genes identified within
an enriched cluster have for host responses to WNV infection in D. melanogaster. We
found that disruption of genes associated with this cluster increased host mortality in
D. melanogaster. This gene cluster was associated with endothelin signaling, which is
primarily associated in vasoconstriction and cardiovascular function (22) but has been
suggested as a biomarker for various infectious disease pathogenesis (23-25), immune
dysregulation (26, 27), and insulin sensitivity (28, 29). We then used this information
to evaluate endothelin signaling in human cells. We similarly found that endothelin
signaling was important for regulating viral replication and regulating insulin-mediated
responses to infection against both attenuated and virulent WNV strains. These results
suggest that insulin regulates endothelin signaling such that the loss of endothelin
results in deficient host antiviral immunity. These pathways are conserved across species
and may be a potential avenue for future therapeutic research.

RESULTS

Transcriptomic profiling of D. melanogaster S2 cells identifies antiviral
pathways linked to insulin signaling

We first sought to generate a complete transcript profile of D. melanogaster S2 cells
following 24-h treatment with 1.7 uM bovine insulin and 8-h infection with WNV-Kun
by RNAseq. Gene expression in treated and/or infected cells was measured relative to
that in controls receiving neither bovine insulin nor virus (Fig. 1A). These experimental
conditions were selected based on previous data showing that bovine insulin treatment
induces sufficient insulin and JAK/STAT signaling in S2 cells (13). Triplicate biological
replicates were measured in duplicate and averaged (Table S1, Sheet 1). The average
proportion of sequence reads mapped to the D. melanogaster genome was approxi-
mately 93.22% (Table S1, Sheet 1). Principal component analysis showed that biological
replicates clustered together with insulin treatment being the major principal compo-
nent causing 37.3% variation among samples, whereas WNV-Kun infection caused 7.2%
variation (data not shown).
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FIG 1 Insulin treatment during WNV-Kun infection in D. melanogaster S2 cells induces canonical and previously unidentified signaling pathways. (A) Schematic
illustrating experimental design for RNA extraction and RNA sequencing analysis of D. melanogaster S2 cells with or without insulin treatment or WNV-Kun
infection (MOI 0.01 = PFU/cell). (B) GSEA using transcript levels for each experimental condition normalized to 0 uM insulin + mock infection from the RNAseq
analysis. GO categories were selected based on GSEA P value (P < 0.05) for at least one experimental condition. (C) Venn Diagram of all transcripts enriched
or suppressed for each experimental condition normalized to 0 pM insulin + mock infection. Transcripts were selected based on their log;(fold change)
(FC) > £1.5 and P < 0.05 for at least one experimental condition. (D) The number of genes transcriptionally enriched (yellow) or suppressed (blue) for each
experimental condition normalized to 0 uM insulin + mock infection. (E) Hierarchal clustering and heat map expression of genes transcriptionally enriched or
suppressed as identified in panels (C and D). Genes shown in enlarged cluster identify a subset of genes that showed the most up-regulation compared to no
insulin treatment.

Gene set enrichment analysis (GSEA) was performed to identify and compare
enriched gene sets in 0 uM insulin + WNV-Kun, 1.7 uM insulin + mock infection,
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and 1.7 pM insulin +WNV-Kun (Fig. 1B; Table S2). Analysis was completed to identify
previously unidentified gene sets for further analysis as well to compare to previous
targeted gRT-PCR analysis showing enrichment of insulin and JAK/STAT signaling (13).
Gene sets were filtered for P < 0.05 in at least one experimental condition and
were selected based on their association with immunity and WNV disease (Table
S2). We identified eight gene sets that are significantly enriched in the presence
of insulin including immune response elements (response to oxidative stress, regu-
lation of JAK-STAT cascade), canonical insulin signaling (phosphoinositide 3-kinase
activity, insulin-like growth factor receptor signaling pathway, positive regulation of
TOR signaling pathway, Ras protein signal transduction), and physiological development
(establishment of glial blood-brain barrier, heart development). (Fig. 1B; Table S2).

Further analysis into the specific genes that were transcriptionally induced or
suppressed was carried out to better understand the impact that infection or insulin
treatment has on the D. melanogaster transcriptome. Genes were filtered for P < 0.05 and
a logy(fold change) > +1.5 for at least one experimental condition. There was a ~10-fold
increase in the number of differentially expressed genes in cells that received insulin
treatment and those that received no insulin (Fig. 1C and D). A total of 535 genes (520
genes shared between 1.7 uM insulin + mock infection and 1.7 uM insulin +WNV-Kun,
and 15 genes shared among all three experimental groups) were commonly regulated
in the presence of insulin regardless of WNV-Kun infection status (Fig. 1C). Together,
this suggests that insulin treatment alters gene expression profiles with a high overlap
in genes affected between mock infection and WNV-Kun infection. Cells that were not
treated with insulin but were infected with WNV-Kun exhibited only 22 upregulated
genes and 41 downregulated genes. Cells that received only insulin treatment repor-
ted 605 upregulated genes and 133 downregulated genes. Cells that received insulin
treatment and WNV-Kun infection exhibited 551 upregulated genes and 127 downregu-
lated genes (Fig. 1D). These results suggest that insulin treatment regulates a large set
of genes during early stages of infection that can potentially impact later virus-specific
responses.

Genes that were transcriptionally altered in Fig. 1C and D were used to generate a
hierarchical clustering heatmap (Fig. 1E). As the goal of this study was to investigate
effectors involved in insulin-mediated antiviral immunity, we were specifically interes-
ted in identifying and evaluating genes that were enriched in the presence of insulin
treatment (Fig. 1E, expanded node; Table S1, Sheet 2). We selected genes for further
analysis based on their function in immunity, insulin signaling, or that possess a putative
ortholog in humans via DIOPT v8.5 (30) including CG5326 (31), TotF (32), and CG43775
(33). CG5326 is a putative ortholog of ELOVL1/7 (31), which is demonstrated to contribute
to human cytomegalovirus-mediated remodeling of the host lipidome (34). TotF is a
humoral factor that responds to stress (32) and is induced during bacterial infection (35).
CG43775 is a putative ortholog of peptidase inhibitor 16 (PI16) (33), which is primarily
associated with cardiovascular-related function (36, 37) but has been linked to insulin
(38, 39) and T-cell function (39). Based on these established associations with host
immunity or insulin signaling, we pursued these genes for subsequent analysis.

Survival of D. melanogaster that possesses gene disruption by transposable element
insertion (CG5326%“2 and CG43775"%%41%) or downregulation through RNAi (TotF) was
assessed and compared to their respective controls. Female flies were mock- or WNV-
Kun-infected with 5,000 PFU/fly, and survival was measured over 30 days. Hazard ratios
were generated as a metric of host mortality, comparing mortality rates of virus- to
mock-infected for the mutant flies and their respective controls (Fig. 2). CG5326 mutants
(Fig. 2B) exhibited similar mortality rates to virus infection than control flies (Fig. 2A).
Conversely, CG43775 (Fig. 2C) and TotF (Fig. 2D and E) mutants exhibited increased
morality relative to their infected controls. Since the role of TotF has previously been
linked to response to infection (35), we next investigated the role of CG43775 during
WNV-Kun infection.
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FIG 2 (G43775- and TotF-deficient flies are more susceptible to WNV-Kun infection. (A) Control w'’®

and (B) CG5326 mutant flies are not susceptible to

WNV-Kun infection (red line) compared to mock infection (black line). (C) CG43775-infected flies exhibit increased mortality compared to mock infection. (D and

E) Knockdown of TotF by RNAi shows that these flies exhibit increased mortality to WNV-Kun infection (F) whereas control flies do not (E). Each survival curve

represents two (B-E) or four (A) independent experiments of >40 flies that were combined for a final survival curve (*P < 0.01, log-rank test).

D. melanogaster CG43775 contributes to insulin-mediated antiviral immunity

We sought to determine if CG43775 is associated with insulin signaling and contributes
to host immunity. We hypothesized that CG43775, similar to its human ortholog and
other genes identified in Fig. 1E, may be important to host responses to WNV infection.

We observed significant induction of CG43775 in D. melanogaster S2 cells with 1.7 uM
insulin + WNV-Kun relative to other experimental conditions (Fig. 3A). To expand the
role that CG43775 has on host survival to viral infection (Fig. 2C), we measured viral
titer in mutant and control flies at 1-, 5-, and 10 days post-infection (d p.i.) by standard
plaque assay (Fig. 3B). We observed significantly higher virus replication in mutant flies
by 10 d p.i. These data suggest that CG43775 is important for host survival to WNV-Kun
infection due to its ability to reduce virus replication. Due to the limited characterization
of CG43775, it is possible that the observed difference in virus replication may be due
to responses beyond immune signaling, which requires further analysis regarding how
CG43775 functions in insulin-mediated immunity.

Upon establishing that CG43775 impacts host survival and WNV-Kun replication, we
sought to examine the role of CG43775 in insulin-mediated antiviral immunity. We fed
mutant and control flies with 0 or 10 pM insulin 2 days prior to and during infection and
collected flies at 1-, 5-, and 10 d p.i. to measure virus replication (Fig. 3C). Similar to the
previous results, we observed that mutant flies had higher viral titers relative to the
genetic control. We also observed that while insulin-treated control flies had a reduction
in viral titers, there was no difference between 0 and 10 uM insulin-treated CG43775
mutant flies. These results indicate that loss of CG43775 expression results in a loss of
insulin-mediated reduction in viral replication.

October 2023 Volume 97  Issue 10

10.1128/jvi01112-23 5


https://doi.org/10.1128/jvi.01112-23

Full-Length Text Journal of Virology

-
o
]

o
(4
]

5—

e
=2}
1

- * Kk Sk
: . B .
o- o ! o g
° [ ]
[]
[ ]
[ ]

N
IS
1

CG43775/Rp49 x 105
w
|
(X ]

o
(&)
I

Log WNV-Kun titer (PFU/mL)
N
|
Log WNV-Kun titer (PFU/mL)
- N W A
1 1 1 1
— (gl
@
]
ol

@0 uM insulin + mock infection 1 5 10 1 5 10
@0 uM insulin + WNV-Kun days post-infection days post-infection

® 1.7 pM insulin + mock infection
@ 1.7 uM insulin + WNV-Kun

©
=)
(=)

® /118 @ CG4377510%418 @78 0 uM insulin ® CG43775"8%418 0 uM insulin
® "’ 10 uM insulin @ CG43775"8%415 10 uM insulin

D E F
W1115 CG43775MBOBA18
*
*ok * 20— *
10 pMinsulin - -+ + - -+ 4+ 154 —mm— —_ . .
* £ 3
—_ @ °
o
WNV-Kun -+ - + -+ - + : 15
- s %7 1.0 )
PAKT [emSmim-. EmEm——c" % é . .
= .
e |92
- " o 054 s

P‘AKT/ATT 073 1.08 1.18 041 063 0.64 035 0.31 054
ratio * *% * * *
. —43
ACHN e v cm—— — 0.0 T T 00-
W7716 CG43775M508478 W7118 CG43775A/BI75473

@0 pM insulin + mock infection @ 10 uM insulin + mock infection
@0 pM insulin + WNV-Kun @ 10 pM insulin + WNV-Kun
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< 0.01, ***P < 0,001, two-way ANOVA). (D) AKT is phosphorylated and active in the presence of insulin for w''’® flies but not in CG43775"*%*'® flies at 5 d p.i. (*P
< 0.05, **P < 0.01, one-way ANOVA). (E) Densitometry analysis of AKT phosphorylation shows that levels are diminished in insulin-treated CG43775 mutant flies
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To further dissect the role that CG43775 has on insulin-mediated antiviral immunity,
we sought to evaluate the impact that CG43775 expression has on insulin signaling and
JAK/STAT activation. Previous results demonstrate that insulin treatment of S2 cells
activates AKT and JAK/STAT signaling, leading to the reduction of WNV-Kun (13). At 5 d
p.i, we observed increased AKT phosphorylation in insulin-treated w'’’® flies compared
to CG43775 mutant flies (Fig. 3D) and quantified using densitometry analysis (Fig. 3E).
This leads us to conclude that CG43775 mutant flies have a dysfunctional insulin
signaling response that may impact insulin-mediated induction of antiviral JAK/STAT
signaling. However, in the presence of insulin treatment and WNV-Kun infection, AKT
phosphorylation was similar between genotypes, which may be due to virus-induced
inhibition of AKT activation as previously observed in influenza-induced disruption of
fatty acid synthesis and metabolic signaling in mouse models (40). Furthermore, w'’’®
flies that were treated with insulin and infected with WNV-Kun had diminished AKT
phosphorylation compared to flies that received either insulin or WNV-Kun. This may be
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caused by a secondary physiological signaling pathway or multiple pathways, which are
absent in vitro, that impact AKT signaling and result in diminished AKT phosphorylation
regardless of insulin treatment but remain sufficient to protect against WNV disease (41—
43).

Due to the observed dysfunctional AKT signaling, we next sought to evaluate
whether the expression of CG43775 expression impacts downstream antiviral JAK/STAT
signaling. Insulin treatment in S2 cells leads to the induction of unpaired (upd) cytokines
and JAK/STAT activation (13). Thus, we examined upd2 induction in control and CG43775
mutant flies. At 5 d p.i, we observed significant induction of upd2 in insulin-treated
control flies, but not in CG43775 mutant flies (Fig. 3F). Collectively, these data suggest
that CG43775, a previously uncharacterized gene, contributes to activation of AKT and
JAK/STAT signaling that leads to antiviral immunity during WNV-Kun infection.

Insulin and endothelin signaling reduce WNV-Kun replication in human
HepG2 cells

One of the goals of our study was to determine whether results extrapolated from
D. melanogaster could be used to analyze orthologous signaling pathways in humans.
To achieve this goal, we performed gene ontology (GO) analysis using the PANTHER
Classification System and genes from the cluster presented in Fig. 1E (44, 45). Using
this gene set, only the endothelin signaling pathway was identified (Table S1, Sheet 3).
Endothelin signaling is primarily associated with cardiovascular function and smooth
muscle constriction (22, 46). Through this functional role, endothelin signaling also
interacts and impacts associated components linked to insulin signaling including the
PI3K/AKT/FOXO axis (28, 29, 47-51) and MAPK/ERK axis (52, 53) (Fig. 4A). The endothelin
signaling pathway is not a canonical immune pathway; however, it has been linked to
Mycobacterium tuberculosis (23) and hepatitis B/C virus infection (24, 54), which leads us
to consider that endothelin signaling may also be involved during WNV infection and
should be further analyzed.

The endothelin signaling pathway is not well-characterized in D. melanogaster;
however, the pathway has been heavily dissected in mammals and permits us to
investigate its potential role as an antiviral mediator to WNV-Kun in human cells. We
selected to evaluate the endothelin signaling pathway as opposed to the specific human
orthologs of CG43775, specifically PI16 and CLEC18 (30). Knockdown of these human
genes did not impact insulin-mediated antiviral activity (data not shown). Additionally,
based on the PANTHER GO analysis (Table S1, Sheet 3) and the broad influence that
endothelin has on various signaling pathways linked to immunity (Fig. 4A), we examined
the endothelin pathway to determine its impact on host responses to infection.

We first evaluated the extent to which insulin-mediated antiviral immunity functions
in an in vitro human model system. Human HepGz2 liver cells were treated with either 0 or
1.7 M bovine insulin prior to and during WNV-Kun (MOI = 0.01 PFU/cell). Titer was
measured at 1, 2, 3, and 5 d p.i. to determine if insulin similarly reduces viral titer as
previously seen in insect cells (13, 41) (Fig. 4B). We observed that insulin treatment
significantly reduces titer relative to non-treated cells by 2 d p.i. Similarly, we also
measured viral titer at 2 d p.i. in HepG2 cells following 0, 1.7 uM bovine insulin, or 10
units/mL interferon (IFN)-f or -y treatment and infected with WNV-Kun (MOI = 0.01 PFU/
cell) (Fig. 3C). IFN treatment is known to reduce WNV replication in human cells (55-59),
so this comparison was to determine the efficacy of insulin in reducing WNV-Kun
replication. We observed that insulin, like IFN treatment, significantly reduced viral
replication compared to mock treatment at 2 d p.i. and that IFN-f exhibited the greatest
magnitude of reduction (60).

Upon establishing that insulin treatment reduces WNV-Kun in HepG2 cells, similar to
that we observed in flies, we next sought to evaluate whether an endothelin-dependent
mechanism was occurring in the mammalian model. To investigate endothelin signaling
in mammalian insulin-mediated antiviral immunity, we measured induction of the ligand
endothelin 1 (EDNT) in HepG2 cells during WNV-Kun infection and insulin treatment (Fig.
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FIG 4 (Continued)

transcriptional activity. (B) Insulin treatment of HepG2 cells reduces WNV-Kun titer (MOl = 0.01 PFU/cell)
(*P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA). (C) WNV-Kun titer at 2 d p.i. is reduced in cells
that received either 1.7 pM insulin, 10 units/mL IFN-B, or 10 units/mL IFN-y treatment 24 h prior to
infection (MOl = 0.01 PFU/cell) (**P < 0.01, one-way ANOVA). (D) EDN1 is induced in insulin-treated and
WNV-Kun-infected HepG2 cells (*P < 0.05, one-way ANOVA). (E and F) EDNT was knocked down in HepG2
cells (E) (*P < 0.05, unpaired t-test) 48 h prior to insulin treatment and WNV-Kun infection, and viral titer
was measured by standard plaque assay at 2 days post infection. (F) (**P < 0.01, ***P < 0.001, two-way
ANOVA). (G and H) Insulin-mediated AKT phosphorylation is decreased in the absence of EDNT as
measured by densitometry analysis (**P < 0.01, one-way ANOVA). Circles represent individual biological
replications. Horizontal bars represent the mean. Error bars represent SDs. Titer and gRT-PCR results
(B-F) are representative of triplicate independent experiments. Western blot results are representative of
duplicate independent experiments (G and H).

4D). We observed significant induction of EDNT in the presence of insulin and during
WNV-Kun infection in the presence of insulin. This indicates that like our previous
observations in D. melanogaster, endothelin signaling may be involved in insulin-
mediated antiviral immunity in human cells. To further evaluate this hypothesis, we
transfected HepG2 cells with either non-targeting control siRNA (siScramble) or EDN1
siRNA (siEDNT) (Fig. 4E). We observed a 91% reduction in EDN1 expression in cells
transfected with siEDN1. We then insulin-treated and infected cells knocked down for
EDN1 to measure viral replication at 2 d p.i. In cells knocked down for EDN1 and treated
with insulin, we observed that while the siScramble control cells maintain a reduction in
WNV-Kun replication in the presence of insulin, we lose this insulin-mediated antiviral
protection when EDN1 expression is diminished (Fig. 4F). We also observed a significant
increase in overall WNV-Kun replication even in the absence of insulin treatment. It is
likely that endothelin signaling contributes to host responses to control infection that
may be independent of insulin as we see an increase in WNV-Kun replication even when
EDN1 is knocked down. Taken together, endothelin signaling may be connected with the
insulin-mediated antiviral response previously observed by others in a mammalian
model (61-64).

We next tested the role that EDNT expression has on insulin signaling by measur-
ing phosphorylation of AKT in HepG2 cells following insulin treatment and WNV-Kun
infection at 2 d p.i. These cells were also transfected with siScramble or siEDN1 prior to
treatment and infection (Fig. 4G). We observed that control cells had higher expression
of P-AKT in the presence of insulin and infection, while the loss of EDN1 had diminished
P-AKT expression regardless of insulin treatment (Fig. 4G) and it was quantified using
densitometry analysis (Fig. 4H). This further connects endothelin as a novel mediator of
antiviral protection through an insulin-specific mechanism.

Insulin- and endothelin-mediated signaling is antiviral to virulent WNV-NY99

Previous analysis of insulin-mediated antiviral immunity in an insect (13) and present
mammalian context has used the attenuated Kunjin subtype of WNV. While useful
in dissecting and evaluating host immunity to WNV in a general context, a present
limitation is that this strain causes limited disease in immune-competent human hosts.
This is due to a number of factors including increased sensitivity to type | interferon
responses (65) and decreased efficacy in antagonizing JAK/STAT signaling due to a
mutation in the NS5 protein (56). Because of this limitation regarding clinical relevance,
we sought to evaluate whether insulin-mediated antiviral protection was present against
more virulent strains and if so the impact that endothelin signaling possesses for
regulating viral replication. Like previous experiments, we used HepG2 cells that received
either 0 or 1.7 uM insulin treatment 24 h prior to and during WNV-NY99 (MOI = 0.01 PFU/
cell) infection and measured viral titer at 1, 2, 3, and 5 d p.i. (Fig. 5A). We observed that
WNV-NY99 titer was reduced in cells that received insulin treatment. We also observed
overall higher virus titer in WNV-NY99-infected cells compared to WNV-Kun-infected
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FIG 5 Endothelin and insulin-mediated signaling is conserved against more virulent WNV-NY99 strain
in HepG2 cells. (A) Insulin treatment reduces WNV-NY99 titer (MOl = 0.01 PFU/cell) (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001, two-way ANOVA). (B) siRNA silencing of EDN1 results in increased
WNV-NY99 viral replication and loss of insulin-mediated protection compared to non-specific siScramble
control at 2 days post-infection (****P < 0.0001, two-way ANOVA). Circles represent individual biological
replications. Horizontal bars represent the mean. Error bars represent SDs. Results are representative of
triplicate independent experiments.

cells. Because of the established link that insulin signaling induces JAK/STAT in mammals
(66, 67) and insects (13), this increase in overall viral titer is likely due to the enhanced
antagonism WNV-NY99 can successfully initiate as opposed to the attenuated WNV-Kun
strain (56, 65). We followed up this analysis by measuring WNV-NY99 titer in HepG2 cells
that received either non-targeting or EDN1 siRNA (Fig. 5B). We observed a similar loss of
insulin-mediated protection and increased viral load in siEDN1-transfected cells, which
was previously observed during WNV-Kun infection. This observation ultimately leads
us to conclude that downstream components of insulin-mediated antiviral immunity,
specifically endothelin signaling, play a role in reducing WNV replication for both
attenuated and more virulent strains that may be a potential target for future clinical
or therapeutic research.

DISCUSSION

Arbovirus infections are a growing health threat that requires more effective means
of intervention both environmentally (i.e., vector transmission) and clinically. While our
ability to develop more effective vector control protocols has improved, the ability
to understand and clinically address human infections and severe diseases remains
underdeveloped. As WNV, along with other mosquito-borne diseases, continues to
expand in both global distribution and incidence (5, 7, 68, 69), the need for effective
preventatives and treatments is more urgent than ever. Human vaccine development
against WNV has made limited progress (70), so development of effective antivirals post
exposure is necessary.

In the study presented here, we highlight the genetic power of D. melanogaster
to advance the study of antiviral immunity and identify components of insect and
mammalian host responses that regulate WNV infection. We demonstrate that insulin
induces several genes and signaling pathways that are both canonical and previously
unidentified antiviral mediators (Fig. 1). Our study using the D. melanogaster model
identifies roles in insulin and immunity for previously uncharacterized genes associated,
specifically regarding host survival and viral replication in the insect (Fig. 2 and 3). We
also demonstrate that we can use these results to translate our findings into the more
pertinent human model and under-characterized endothelin signaling pathway (Fig. 4).

October 2023 Volume 97  Issue 10

Journal of Virology

10.1128/jvi.01112-23 10


https://doi.org/10.1128/jvi.01112-23

Full-Length Text

In addition, we demonstrate that our findings are applicable to the more virulent and
clinically relevant WNV strain NY99 (Fig. 5).

In our study, we show that dysfunctional endothelin signaling results in increased
host mortality and WNV replication. However, further investigation is also necessary
to evaluate its role during infection. Like insulin, endothelins are linked to various
physiological processes like cardiovascular health so induction of this pathway, while
potentially antiviral, may impact other off-target processes. Increased production and
secretion of EDN1 have been used as indicators for oncogenic and virus-induced
hepatocellular carcinoma (24, 54, 71) as a promoter of cell growth and proliferation
while inhibiting pro-apoptotic signaling (72). EDN1 expression is also proposed as a
biomarker for patients receiving interferon-a treatment as elevated levels can be used to
infer progression to interferon-induced pulmonary toxicity (27). In relation to insulin
sensitivity and signaling, serum EDN1 is elevated in diabetic individuals who later
develop diabetic microangiopathy and nephropathy that progresses to more advanced
insulin resistance (73, 74). Additional concerns are apparent as endothelin signaling,
while antiviral in this study, may promote or enhance infection against other pathogens.
Mpycobacterium tuberculosis secretes the protease enzyme Zmp1 that cleaves EDNT and
activates endothelin signaling that promotes bacteria survival within the lungs (23).
Thus, further investigation is needed to understand how targeting the endothelin
pathway influences other related viruses that are either targeted by or disrupt insulin
signaling in the presence or absence of WNV infection.

Determining the overall effect that insulin-mediated protection and endothelin
signaling has in a clinical context will be important if targeting the pathways are
used as an intervention for WNV disease. It is unlikely that administering insulin to a
patient alone is a viable approach for treating WNV since it can influence a number
of off-target physiological processes and may lead to further insulin resistance or
disease pathology (18, 19). Instead, we propose through our study that by targeting
pathways downstream of insulin signaling, we can effectively and directly induce more
potent antiviral responses with limited toxicity to the host. While our study focused on
endothelin signaling, there were other gene sets and associated pathways identified in
our RNAseq screen, which are worth further investigation regarding their potential role
in antiviral immunity.

Taken together, our study identifies a novel component of insect and human
antiviral immunity and expands our current understanding regarding insulin-mediated
responses to infection. Previous investigation demonstrated that a variety of viruses
including influenza (40), WNV (61, 75), and ZIKV (20, 76) target and disrupt host
processes associated with insulin signaling. Typically, insulin signaling disruption results
in metabolic dysfunction that can cause more severe morbidity and mortality. Here,
we demonstrate that targeting insulin signaling protects fruit flies and humans from
increased viral replication. Additionally, we show that endothelin signaling provides
antiviral immunity to WNV. While endothelins have been heavily dissected as a regulator
of cardiovascular health and vasoconstriction (27, 28, 52), they also possess a role
in hepatic (24, 48, 54, 71) and neuronal (77-80) regulation and health. Importantly,
endothelin signaling is dependent on its different isoforms as they relate to their specific
receptors on different cell types and physiological functions (22). WNV disease is heavily
associated with encephalitis and neurodegenerative disease (81, 82). Because EDN1 has
been linked to virus-induced demyelinating disease (77) and promotes anti-inflamma-
tory signaling in circulating immune cells (26), endothelin signaling may also function
as an antiviral target and determinant in severe WNV disease progression and is worth
further investigation.

Given the conservation of insulin signaling and its activation during viral infection
across insect and mammalian species, downstream targets of insulin or endothelin
signaling may have a broader role within an antiviral context. If possible, it may provide
a means of more effectively responding to these growing pathogens of concern while
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also limiting potential complications associated with current intensely robust antiviral
therapeutics.

MATERIALS AND METHODS
Fly lines and rearing

Drosophila lines were obtained through the Bloomington Drosophila Stock Center.
Lines used include wild-type control lines w'" (BDSC: 5905); actin driver line:
y'w'; Piw[+mC]=Act5 C-GAL4}25F01/CyO,y* (BSDC: 4414); TotF RNAI (83): ylsc'visev21;
P{TRIPHMCO06169%}attP40 (BSDC: 65906); CG5326 mutant (84): w1118; P{EP}CG5326G6402
(BSDC: 32024); and (G43775 mutant (84): w1118; Mi{ET1} CG3257MB08418
CG43775MB08418 CG43776MB08418 CG43777MB08418 (BSDC: 26113).

Flies were maintained on standard cornmeal food (Genesee Scientific #66-112) at
25°C and 65% relativity humidity, and a 12 h/12 h light/dark cycle. Flies are negative for
Wolbachia infection. Female adult flies used for all experiments were 2-7 days post-
eclosion. For insulin treatment, cornmeal food was supplemented with 10 pM bovine
insulin (Sigma-Aldrich 16634) and flies were maintained on food 48 h prior to and during
infection as described (13).

Cells and virus

Vero cells (ATCC, CCL-81) were provided by A. Nicola and cultured at 37°C/5% CO»
in Dulbecco's modified Eagle medium (DMEM) (ThermoFisher 11965) supplemented
with 10% fetal bovine serum (FBS) (Atlas Biologicals FS-0500-A) and 1x antibiotic-anti-
mycotic (ThermoFisher 15240062). S2 cells were provided by L. Cherbas and cultured
as described (85) and are negative for Flock House virus. HepG2 cells (ATCC, HB-8065)
were provided by M. Konkel and cultured at 37°C/5% CO, in DMEM supplemented
with 10% FBS. For insulin treatment, culture media with 2% FBS were supplemented
with 1.7 uM bovine insulin (Sigma-Aldrich 16634) as described (86). For interferon-f3 and
-y treatment, 2% FBS in DMEM media was supplemented with 10 units/mL of either
IFN-B (Sigma-Aldrich IF014) or IFN-y (Sigma-Aldrich IF002) for 24 h prior to infection as
described (60).

West Nile virus-Kunjin strain MRM16 (WNV-Kun) was gifted by R. Tesh and propagated
in Vero cells. West Nile virus strain 385-99 (WNV-NY99) was obtained by BEI Resources,
NIAID, NIH (NR-158) and propagated in Vero cells. All experiments with a specific virus
type utilized the same stock.

RNA isolation, library preparation, and RNA sequencing

D. melanogaster S2 cells were treated with 0 or 1.7 uM bovine insulin for 24 h. Cells were
then either mock-infected or infected with WNV-Kun (MOI = 0.01 PFU/cell) for 8 h. Total
RNA was extracted from three individual wells using Direct-zol (Zymo Research, Irvine,
CA, USA) following the manufacturer’s instructions. Following total RNA extraction,
the integrity of total RNA was assessed using Fragment Analyzer (Advanced Analytical
Technologies, Ankeny, 1A, USA) with the High Sensitivity RNA Analysis Kit. RNA Quality
Numbers (RQNs) from 1 to 10 were assigned to each sample to indicate its integrity
or quality. “10” stands for a perfect RNA sample without any degradation, whereas “1”
marks a completely degraded sample. RNA samples with RQNs ranging from 8 to 10
were used for RNA library preparation with the TruSeq Stranded mRNA Library Prep
Kit (Illumina, San Diego, CA, USA). Briefly, mRNA was isolated from 2.5 pg of total RNA
using poly-T oligo attached to magnetic beads and then subjected to fragmentation,
followed by cDNA synthesis, dA-tailing, adaptor ligation, and PCR enrichment. The sizes
of RNA libraries were assessed by Fragment Analyzer with the High Sensitivity NGS
Fragment Analysis Kit. The concentrations of RNA libraries were measured by StepOne-
Plus Real-Time PCR System (ThermoFisher Scientific, San Jose, CA, USA) with the KAPA
Library Quantification Kit (Kapabiosystems, Wilmington, MA, USA). The libraries were
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diluted to 2 nM in 10 mM Tris-HCl, pH 8.5, and denatured with 0.1 N NaOH. Eighteen
pM libraries were clustered in a high-output flow cell using HiSeq Cluster Kit v4 on
a cBot (lllumina). After cluster generation, the flow cell was loaded onto HiSeq 2500
for sequencing using HiSeq SBS kit v4 (lllumina). DNA was sequenced from both ends
(paired-end) with a read length of 100 bp. The raw bcl files were converted to fastq files
using the software program bcl2fastq2.17.1.14. Adaptors were trimmed from the fastq
files during the conversion. On average, 40 million reads were generated for each sample.
RNA sequencing was performed at the Spokane Genomics CORE at Washington State
University-Spokane in Spokane, WA, USA.

Bioinformatics analysis

RNA-seq reads were imported and aligned using Qiagen CLC Genomics Workbench
(Version 11.0.1) to the D. melanogaster genomic reference sequence. Reads for each
biological replicate within an experimental condition were pooled and averaged.
Differential expression of transcript levels for each experimental condition (WNV-Kun
infection, insulin treatment, or both infection and treatment) were normalized to reads
for cells that received neither treatment nor infection. Transcripts were filtered for
P-values less than or equal to 0.05 and a logs(fold change) > +1.5 for at least one
experimental condition.

Filtered transcripts were imported into TIBCO Spotfire Analytics (Version 1.1.3)
for gene clustering and heatmap generation. Gene clustering was performed using
hierarchical clustering using UPGMA (unweighted pair group method with arithmetic
mean) with Euclidean distance with ordering weight set to average value and normaliza-
tion by mean. GSEA was performed as previously described (87) using a cutoff of P <
0.05 for at least one experimental condition for GO classifications (87-89). Highlighted
classifications are shown in Fig. 1B. Drosophila gene ontologies were imported from
FlyBase (version fb_2016_04) as previously described (90). Further GO analysis for genes
clustered and presented in Fig. 1E used PANTHER GO-Slim (Version 14.0) to identify the
endothelin signaling pathway as an overrepresented GO category.

Fly infections

Two-to-seven-day old adult female D. melanogaster were anesthetized with CO, and
injected intrathoracically with WNV-Kun with 5,000 PFU/fly, as previously described (12,
90). Mock-infected flies received equivalent volume of PBS. For mortality studies, groups
of 30-50 flies were injected and maintained on cornmeal food for 30 days. All survival
studies were repeated at least twice and survival data were combined. Fly food vials were
changed every 2-3 days. For viral titration experiments, three groups of four to five flies
were collected, homogenized in PBS, and used as individual samples for plaque assay as
described in reference (13). For qRT-PCR and Western blot experiments, three groups of
three to five flies were collected at 5 d p.i.,, homogenized in Trizol or radioimmunoprecipi-
tation assay buffer (RIPA), respectively, and centrifuged to isolate and remove the cuticle.
The supernatant was collected and used for further analysis.

In vitro virus replication

HepG2 cells were seeded into a 24-well plate at a confluency of 1.25 x 10° cells/well
with six independent wells for each experimental condition. The following day, cells
were treated with either 1.7 pM bovine insulin or acidified water in 2% FBS in DMEM
for 24 h prior to infection. For measuring viral replication following interferon treatment,
2% FBS in DMEM media was supplemented with 10 units/mL of either IFN-3 or IFN-y
for 24 h prior to infection as described (60). Cells were then infected with WNV-Kun or
WNV-NY99 at an MOI of 0.01 PFU/cell for 1 h. The virus inoculum was removed, and fresh
experimental media was added. Supernatant samples were collected at 1, 2, 3, and 5 d
p.i. for later titration. WNV titers were determined by standard plaque assay on Vero cells.
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Immunoblotting

Protein extracts were prepared by lysing cells or flies with RIPA buffer (25 mM Tris-HCI
pH 7.6, 150 mM NaCl, T mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS,
1 mM NazVOg4 1T mM NaF, 0.1 mM phenylmethylsulfonyl fluoride(PMSF), 10 uM aproti-
nin, 5 pg/mL leupeptin, 1 pg/mL pepstatin A). Protein samples were diluted using 2x
Laemmli loading buffer, mixed, and boiled for 5 minutes at 95°C. Samples were analyzed
by SDS/PAGE using a 10% acrylamide gel, followed by transfer onto polyvinylidene
difluoride (PVDF)membranes (Millipore IPVYH00010). Membranes were blocked with 5%
BSA (ThermoFisher BP9706) in Tris-buffered saline (50 mM Tris-HCI pH 7.5, 150 mM NaCl)
and 0.1% Tween-20 for 1 h at room temperature.

Primary antibody labeling was completed with anti-P-Akt (1:1,000; Cell Signaling
4060), anti-Akt (pan) (1:2,000) (Cell Signaling 4691), or anti-actin (1:10,000; Sigma A2066)
overnight at 4°C. Secondary antibody labeling was completed using anti-rabbit IgG-HRP
conjugate (1:10,000; Promega W401B) by incubating membranes for 2 h at room
temperature. Blots were imaged onto a film using luminol enhancer (ThermoFisher
1862124). The P-AKT/AKT ratio for each experimental condition was determined using
densitometry analysis using BioRad Image Lab (Version 6.1) comparing band intensity
of P-AKT to AKT. The reported P-AKT/AKT ratio is the mean of duplicate independent
experiments.

RNA interference in vitro

Double-stranded RNA (dsRNA) targeting human EDNT (Horizon Discovery
J-016692-05-005) and non-targeting control (siScramble) dsRNA (Horizon Discovery
D-001810-10-05) was transfected into HepG2 cells for 48 h prior to insulin treatment
and infection as described (85). Total RNA was extracted and purified to confirm reduced
expression by qRT-PCR.

Quantitative reverse transcriptase PCR

gRT-PCR was used to measure mRNA levels in D. melanogaster S2 cells, adult flies,
and human HepG2 cells. Cells or flies were lysed with Trizol Reagent (ThermoFisher
15596). RNA was isolated by column purification (ZymoResearch R2050), DNase treated
(ThermoFisher 18068), and ¢cDNA was prepared (BioRad 170-8891). Expression of D.
melanogaster CG43775 (forward: CTGCAACAACAAGACGCACA; reverse: GAACTTGGTCGA-
GTTCCCGT) and upd2 (forward: CCTATCCGAACAGCAATGGT; reverse: CTGGCGTGTGAA-
AGTTGAGA) (13) was measured using SYBR Green reagents (ThermoFisher K0222) and
normalized to Rp49 (forward: CCACCAGTCGGATCGATATGC; reverse: CTCTTGAGAACG-
CAGGCGACCQ) (91) to measure endogenous gene levels for all treatment conditions.
Expression of human EDNT was measured using the probe for EDN1 (Hs00174961_m1
ThermoFisher 4331182) and primers (forward: CAGGGCTGAAGACATTATGGAGA; reverse:
CATGGTCTCCGACCTGGTTT) (92) and normalized to B-actin (Hs01060665_g1 Thermo-
Fisher 4331182) using TagMan Universal Master Mix (ThermoFisher 4304437). The
reaction for samples included one cycle of denaturation at 95°C for 10 minutes, followed
by 50 cycles of denaturation at 95°C for 15 seconds and extension at 60°C for 1 minute,
using an Applied Biosystems 7500 Fast Real Time PCR System. ROX was used as an
internal control.

Quantification and statistical analysis

Results presented as dot plots show data from individual biological replicates (n = 2-6),
the arithmetic mean of the data shown as a horizontal line, and error bars representing
standard deviations (SDs) from the mean. RNAseq read numbers were averaged among
technical replicates (n = 2) with biological replicates (n = 3) used for each experimental
condition using CLC Genomics Workbench analysis using a generalized linear model.
P-values were calculated using a Wald test. GSEA P-values were calculated using false

October 2023 Volume 97  Issue 10

Journal of Virology

10.1128/jvi.01112-23 14


https://doi.org/10.1128/jvi.01112-23

Full-Length Text

discovery rate(FDR) as previously described (87-89). Biological replicates of adult D.
melanogaster (n = 6-40) consisted of at least duplicate pooled flies. The results shown are
representative of at least duplicate independent experiments, as indicated in the figure
legends. All statistical analyses of biological replicates were completed using GraphPad
Prism (Version 9) and significance was defined as P < 0.05. Ordinary one-way ANOVA with
uncorrected Fisher’s least significant difference(LSD) for multiple comparisons was used
for qRT-PCR analysis. Two-way ANOVA with Sidak correction for multiple comparisons
was used for multiday viral titer analysis and for siRNA viral titer analysis. One-way
ANOVA with Sidak correction for multiple comparisons was used for single-day viral titer
in the presence of insulin and interferon- and -y analysis. Two-tailed unpaired t-test
was used for qRT-PCR validation of the knocked-down expression of EDN1. Repeated
measures one-way ANOVA with uncorrected Fisher’s LSD for multiple comparison was
used for densitometry analysis. All error bars represent SD of the mean. Outliers were
identified using a ROUT test (Q = 5%) and removed.
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