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ABSTRACT

Zebrafish (Danio rerio) is a unique potential model animal for dissecting innate immune signaling. Here we demonstrate that
herpes simplex virus 1 (HSV-1) could infect zebrafish at its different developmental stages and trigger the expression of type I
interferons (IFNs) as well as interferon-stimulated genes (ISGs) in zebrafish larvae. Silencing of zZSTING, but not zZMAVS, mark-
edly attenuates the DNA virus-induced antiviral responses. Notably, a conserved serine residue (S373) is essential for the action
of zSTING. Unexpectedly, zebrafish cyclic GMP-AMP synthase (cGAS) is dispensable for the STING signaling, whereas zZDHX9
and zDDX41 are potential sensors for HSV-1 infection in vivo. Taken together, this proof-of-concept study establishes the ze-
brafish larva as a feasible model for investigating the cytosolic DNA sensing mechanism, shedding light on the conservation of
the STING antiviral signaling pathway.

IMPORTANCE

The zebrafish larva provides technical advantages for understanding host-pathogen interactions. In this study, we established
the zebrafish larva as a useful model for studying HSV-1 infection. HSV-1 infection triggers strong type I interferon production,
which depends on STING expression. In addition, STING-mediated antiviral signaling is conserved in zebrafish. Interestingly,
zDHX9 and zDDX41 are indispensable for detecting HSV-1, while cGAS is dispensable. This proof-of-concept study indicates

that the zebrafish represents an amenable model for the investigation of cytosolic DNA sensing mechanisms.

he zebrafish (Danio rerio) early larva has been successfully em-

ployed in elucidating the molecular mechanisms of embryo-
genesis (1). The last decade has witnessed its accelerated expan-
sion to address the evolution and the development of the immune
system (2, 3). The zebrafish displays several favorable advantages
as an effective model organism, which complements the applica-
tion spectrum of mouse models. For examples, the zebrafish is
much more amenable to forward and/or reverse genetic screens.
Additionally, it is available for in vivo real-time visualization, due
to the optical transparency of zebrafish larvae (4, 5). Some human
disease models were established in zebrafish (6) and are instru-
mental for identification and characterization of the evolution-
arily conserved genes that are important in human pathology (5,
7-9). Notably, a cutting-edge area of study is to establish effective
virus infection models and employ them for dissecting the innate
antiviral signaling in zebrafish (10-15).

In mammals, cytosolic RNA and DNA viruses are sensed/rec-
ognized by their corresponding receptors, which ultimately acti-
vate the IRF3- and/or NF-kB-responsive genes, including type I
interferons (IFNs) and proinflammatory cytokines (16, 17). RIG-I
and MDAS5 specifically recognize the RNA viruses and trigger the
activation of TBK1 and IRF3 via the mitochondrial adaptor
MAVS (18, 19). Cytosolic DNA viruses are sensed by a set of dif-
ferent receptors (cyclic GMP-AMP synthase [cGAS], IFI16,
DHX9, and DDX41) (20-24). Signaling pathways initiated by
these receptors apparently converge on the stimulator of inter-
feron genes (STING) (also known as MITA, ERIS, or MPYS), a
transmembrane protein in the endoplasmic reticulum (ER) (25—
28). It remains to be elucidated how STING activates TBK1 and
IRF3. The RIG-I/MAVS signaling is well conserved in zebrafish
(29, 30). However, little is known about the STING signaling of
zebrafish (31).
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There are four virus-induced IFN genes in zebrafish (known as
IFN-¢), which structurally belong to type I IFNs (32, 33). Like
those in mammals, zebrafish IFNs impair viral replication via in-
duction of a large number of interferon-stimulated genes (ISGs)
(34). The orthologs of mammalian ISGs have been identified in
zebrafish (isgl5, viperin/vigl, and Mx), and they apparently per-
form similar functions. For example, zf-isgl5 triggers a strong
antiviral activity against RNA and DNA viruses in fish cells (35).

Herpes simplex virus 1 (HSV-1) belongs to the alphaherpesvi-
ruses subfamily. HSV-1 infects permissive host cells (epithelial
cells) to initiate Iytic infection and establishes latent infection spe-
cifically in neurons (36). HSV-1 infection has been extensively
employed to elucidate STING signaling in mice (25, 37). Some
preliminary studies suggested that HSV-1 could potentially infect
zebrafish and persist in adult zebrafish brain (13, 38). It remains
unknown whether HSV-1 infection could be adapted to explore
cytosolic DNA signaling in zebrafish. In this study, we successfully
established the HSV-1 infection model in zebrafish larvae. Further
exploration revealed the conservation of STING signaling in ze-
brafish. Unexpectedly, zebrafish ¢cGAS is dispensable for the
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STING signaling, whereas zZDHX9 and zDDX41 are potential sen-
sors for HSV-1 infection in vivo. This proof-of-concept study es-
tablishes the zebrafish larva as a feasible model for investigating
the cytosolic DNA sensing mechanism, paving the way for future
large-scale screening.

MATERIALS AND METHODS

Zebrafish maintenance and embryo production. Zebrafish mainte-
nance, breeding, and staging were performed as described previously (1).
Zebrafish embryos were acquired by natural spawning and kept at 28.5°C
in incubator. After inoculation, the larvae were transferred to a gnotobi-
otic water system for further experiments.

Manipulation of viruses. Wild-type HSV-1 and HSV-1-green fluo-
rescent protein (GFP) were propagated and titers determined by plaque
assays on Vero cells.

Riboprobe synthesis and WISH. Antisense riboprobes for HSV-1
ICPO were synthesized using a digoxigenin (DIG) RNA labeling kit
(Roche) according to the manufacturer’s instructions. To construct the
ICPO probe, the ICP0 open reading frame (ORF) (from bp 68 to 1100) was
amplified from the HSV-1 genome using primers 5'-ATGTCTGGGTGT
TTCCCTGCGACCGAGACCTGC and 3"-AAGTCGCTGATCACTATG
GGGTCTCTGTTGTTT, and then the product was cloned into the
BAmHI and Xhol sites of the pcDNA3.0 vector. Whole-mount in situ
hybridization (WISH) was carried out as described previously, and stain-
ing was performed with an alkaline phosphatase substrate kit (Promega).

MOs, mRNA synthesis, and microinjection. All morpholinos (MOs)
were ordered from Gene Tools and dissolved with nuclease-free H,O to 1
mM as stock solutions. The MOs were control (5'-GCGATCATAGCTG
CAAAAGACCAAA-3"), zSTING (5'-GAGCGTCTTCTCCCATCACAG
ACAT-3"), zpcGAS (5'-CTGGTCTCCTGTGGCTGCTCATGAT-3'),
zDDX41 (5'-GCTCGGTTTTCCGTTTCCATAATGC-3"), zDHX9 (5'-G
GAAGTTCTTAATGTCCGCCATTGC-3'), and zMAVS (5'-GCAAAAC
GACCCATATACGGCCTAA-3"), which all target the start codon regions
of the zebrafish sequence. The standard control morpholino from Gene
Tools was used as a control for nonspecific effects.

For mRNA synthesis, human, mouse, and zebrafish STING full-length
c¢DNA sequences were cloned into the pcDNA3.0 vector with BamHI and
Xhol. The zebrafish STING S373A mutation was cloned using primers
5'-GACGAGCCCACCCTCATGTTCGCCCGACCT and 3'-GGATCTT
AGGGATTGAGGTCGGGCGAACAT. Capped mRNA was synthesized
using the mMESSAGE kit (Ambion) and purified with Mini Quick Spin
RNA columns (Roche). MOs and mRNAs were injected into 1-cell-stage
zebrafish embryos at the yolk/blastomere boundary. For HSV-1 inocula-
tion, HSV-1 was injected into the hindbrain ventricle (HBV) or caudal
vein (CV) in zebrafish larvae at 72 h postfertilization (hpf).

Real-time quantitative PCR. Total RNAs were extracted from 15 ze-
brafish larvae using TRIzol reagent (Invitrogen). RNA was reverse tran-
scribed using oligo(dT) and Moloney murine leukemia virus (M-MLV)
reverse transcriptase (Promega), and 2X PCR mix (Roche) was used for
the real-time quantitative PCR analysis. All values were normalized to the
level of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA.
The forward and reverse primers used for zebrafish were as follows:
GAPDH, 5'-CTTTGGTATTGAGGAGGCT-3’ (sense) and 5 -GGATGA
TGTTCTGGTGGG-3' (antisense); IFN-¢1, 5'-TGAGAACTCAAATGT
GGACCT-3" (sense) and 5'-GTCCTCCACCTTTGACTTGT-3' (anti-
sense); ISG15, 5'-ATGCAGCTGACTGTAAAACT-3’ (sense) and 5'-TT
ATCCTCCTCGTAGACGGA-3' (antisense); viperin, 5'-GCTGAAAGAA
GCAGGAATGG-3' (sense) and 5'-AAACACTGGAAGACCTTCCAA-3'
(antisense); HSV polymerase, 5'-GCTCGAGTGCGAAAAAACGTTC-3’
(sense) and 5'-TGCGGTTGATAAACGCGCAGT-3' (antisense); and
HSV ICP22, 5'-GTGCAAGCTTCCTTGTTTGG-3’ (sense) and 5'-GGT
GGCATCGGAGATTTCAT-3' (antisense).

HSV-1 genomic DNA isolation. To extract HSV-1 genomic DNA, we
used standard phenol-chloroform extraction methods. Briefly, the 15 ze-
brafish larvae infected with HSV-1 were resuspended in 200 .l lysis buffer (10
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FIG 1 HSV-1 can successfully infect zebrafish larvae. (A) Diagram of the inocu-
lation sites in larvae at 72 h postfertilization (hpf) (arrows), i.e., hindbrain ventricle
and caudal vein. (B) Survival rates of wild-type infected zebrafish larvae. AB strain
zebrafish larvae were injected at 72 hpf with the indicated dose of wild type HSV-1
per larva, and the survival rates were monitored for 72 h postinfection (hpi). (C)
Uninfected (no virus) or wild-type HSV-1-infected zebrafish larvae (48 hpi) were
tested for behavioral changes. The larvae were placed in 12-well plates, and loco-
motion activities were recorded with a high-speed camera.

mM EDTA,10 mM Tris-HCl [pH 8.0], 1% SDS) containing proteinase K
(200 pg/ml). The samples were shaken overnight at 55°C and extracted with
phenol-chloroform-isoamyl alcohol (25:24:1) and with 1 ml of chloroform-
isoamyl alcohol (24:1). The aqueous phase was precipitated with ice-cold
ethanol (100%). The DNA pellet was then washed with ethanol (70%), air
dried for 10 min, and resuspended in 50 pl double-distilled water (ddH,0),
and the concentration was measured.

GFP reporter assay. To verify the efficacies and specificities of the
zSTING, zpcGAS, zDDX41, zDHX9, and zMAVS morpholinos, pCS2-
GFP reporter plasmids which harbor each morpholino target sequence in
the 5’ untranslated region of the GFP transcript were created. Capped
mRNA was synthesized by each of these plasmids, and then the capped
mRNA (150 ng/ml) was injected into 1-cell zebrafish embryos with con-
trol MO or the specific targeting morpholino (0.3 mM) to mark success-
fully injected embryos. At 12 hpf, embryos were assayed for GFP fluores-
cence. The forward and reverse primers used were as follows: zZSTING,
5'-ATCAAGCTTATGTCTGTGATGGGAGAAGA-3’ (sense) and 5'-AT
CGGATCCAAAGCGATAATTCCAGCTC-3' (antisense); zpcGAS, 5'-A
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FIG 2 HSV-1 can infect zebrafish larvae at different development stages. Zebrafish larvae at 48 hpf (A), 60 hpf (B), 72 hpf (C), and 96 hpf (D) were inoculated
with 0 PFU (no virus) or 200 PFU wild-type HSV-1. Induction of IFN-¢1, ISG15, and viperin mRNAs was measured via real-time quantitative PCR at the
indicated time points. Assays were performed on RNA extracted from entire larvae and measured values normalized to the control set. Data shown are mean =
SEM from at least three independent experiments, ¥, P < 0.05; **, P < 0.01 (versus the corresponding control).

TCAAGCTTATGAGCAGCCACAGGAGACC-3' (sense) and 5'-ATCGG
ATCCTGAAGTTTGGCTTCACTTTC-3' (antisense); zDDX41, 5'-ATC
AAGCTTATGGAAACGGAAAACCGAGC-3' (sense) and 5'-ATCGGAT
CCCCTTTACCCCGCAGACGCA-3' (antisense); zDHX9, 5'-ATCAAG
CTTATGGCGGACATTAAGAACTT-3' (sense) and 5'-ATCGGATCCT
TTCCCATACCGATGTAAC-3' (antisense); and zMAVS, 5'-ATCAAGC
TTATGGGTCGTTTTGCAACAGA-3' (sense) and 5'-ATCGGATCCCT
GCGCAGATTGTCCAGAA-3' (antisense).

In vivo confocal imaging and data analysis. Zebrafish larvae were
fixed in 1.2% agarose and scanned with a Leica laser scanning confocal
microscope. The images were generated by three-dimensional (3D) pro-
jections with Leica LAS AF Lite software. The density of GFP was calcu-
lated with Image J analysis software (NIH).
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Locomotion test and capture. Infected zebrafish larvae (48 hpi) were
put into 12-well plates and recorded under a microscope (MZ16F; Leica)
with an attached high-speed camera (Redlake MotionScope M3, 1,000
fps). Each larva was tested 8 to 10 times.

Statistical analysis. Quantitative data are expressed as mean * stan-
dard error of the mean (SEM). Statistical significance was determined by
two-way analysis of variance (ANOVA). A P value of less than 0.05 was
considered statistically significant.

RESULTS

HSV-1 infects zebrafish larvae successfully. Zebrafish larvae
hatch from chorion and develop to maturity at 72 h postfertiliza-
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FIG 3 Host antiviral response to HSV-1 infection in zebrafish larvae. (A to C). Zebrafish larvae were stimulated with 0 PFU or 200 PFU wild-type HSV-1 and
monitored for the indicated times. Induction of IFN-¢1, ISG15, and viperin mRNAs was measured by real-time quantitative PCR. Assays were performed on
RNA extracted from entire larvae and measured values normalized to the control set. Data shown are mean = SEM from at least three independent experiments.
*, P <0.05;**, P < 0.01 (versus the corresponding control). (D and E) HSV-1 replicated in zebrafish larvae, and its replication status was demonstrated by HSV-1
genomic DNA levels. Zebrafish larvae were stimulated with 0 PFU or 200 PFU wild-type HSV-1 and harvested at the indicated time points. Genomic DNA was
extracted for real-time quantitative PCR analysis of HSV-1 polymerase (pol) and ICP22 genomic DNA levels. (F) Whole-mount in situ hybridization of
uninfected or intravenously HSV-1-challenged 72-hpf zebrafish larvae. Representative images of propylthiouracil (PTU)-treated larvae inoculated and fixed at
the indicated times with riboprobe against HSV-1 ICPO0 (36 hpi for uninfected control) are shown. The right panels represent the areas of the red boxes in the left
panels. Arrowhead denote the locations of HSV-1 distribution. (G) Confocal imaging of intravenously PBS-treated or HSV-1-GFP-infected zebrafish larvae at
48 hpi. The lower panels represent the confocal image areas of the red boxes in the corresponding upper panels. HSV-1-GFP accumulated mainly in larva brain.
Viral particles are markedly observed in infected larvae compared to control larvae. Scale bars, 50 wm.

tion (hpf). First, we tested whether the zebrafish was susceptibleto  levels of antiviral genes were measured at 24 hours postinfec-
HSV-1 infection at 28°C. Wild-type HSV-1 (0 to 400 PFU) were tion (hpi), 48 hpi, and 72 hpi for zebrafish larvae at 48 hpf (Fig.
injected into the hindbrain ventricles (HBV) or caudal veins (CV)  2A), 60 hpf (Fig. 2B), 72 hpf (Fig. 2C), and 96 hpf (Fig. 2D). It
of the larvae (Fig. 1A). We observed that mortality of infected was observed that HSV-1 could induce robust host responses in
larvae occurred in a dose-dependent manner (Fig. 1B). The dose  zebrafish larvae at different developmental stages. However,
of 200 PFU was applied for all subsequent experiments. The in-  the time windows of the responses were slightly different
fected larvae were dissected at the indicated time points, and be- among the larvae (Fig. 2A to D). For experimental conve-
havioral disorders were examined via swimming patterns and lo-  nience, HSV-1 infection of the zebrafish larvae was always at 72
comotor activity. Notably, HSV-1-infected larvae were markedly  hpf for all the experiments, except where explicitly indicated
crippled or lost rapid change in locomotor activity (Fig. 1C). Col-  otherwise.
lectively, these data indicate that HSV-1 could infect zebrafish To further characterize this infection model, we monitored the
larvae successfully. time course of the mRNA expression levels of the IFN-¢1 gene and
HSV-1 induces robust antiviral responses in zebrafish. We  the IFN-responsive genes (ISG15 and viperin) in 72-hpflarvae via
went on to explore whether HSV-1 could infect the zebrafish  quantitative reverse transcription-PCR (RT-PCR). It was ob-
larvae at different developmental stages. The mRNA expression  served that IFN-¢1 was induced as early as 12 hpi, and this induc-
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FIG 4 STING signaling is conserved in zebrafish larvae. (A) Morpholino-based zSTING gene knockdown is efficient in zebrafish embryos. (B) Phenotypic analyses of
zebrafish larvae at 72 hpf. Embryos were injected with 3 ng control morpholino (Ctrl. MO) or 3 ng zebrafish STING MO (zST MO). The morphological defects of zST
morphant larva were analyzed at 72 hpf. (C) Survival rates of HSV-1-infected zebrafish morphants. Two hundred AB zebrafish embryos were injected with control or
STING morpholino at the 1-cell stage and raised to 72 hpf, and then every larva was inoculated with 0 PFU or 200 PFU wild-type HSV-1 and survival rates were
monitored for 72 h postinfection (hpi). (D to F) Real-time quantitative PCR (RT-PCR) verification of antiviral genes induction in HSV-1 infection. Control morphants
and zST morphants were stimulated with 200 PFU wild-type HSV-1 for the indicated time periods. Induction of IEN-¢1 (D), ISG15 (E), and viperin (F) mRNAs was
measured by real-time quantitative PCR. (G) Confocal imaging of uninfected or HSV-1-GFP-inoculated morphants at 48 hpi. Embryos were injected with 3 ng control
morpholino or STING morpholino and raised to 72 hpf for HSV-1-GFP inoculation. At 48 h postinfection (hpi), larvae were embedded in 1.2% agarose and visualized
by Leica laser scanning confocal microscopy. The lower panels represent the confocal image areas of the red boxes in the upper panels. All the larvae are shown in lateral
views with rostral side left and dorsal side up. Scale bars, 50 um. (H) Quantification of GFP-positive particles in infected morphant larvae. The density of GFP was
calculated with Image J (NIH). Data shown are mean = SEM from at least three independent experiments. *, P < 0.05.

tion peaked at approximately 36 hpi and then steadily dropped  zebrafish larva were analyzed by the levels of HSV-1 polymerase
until 96 hpi (Fig. 3A). The inductions of the ISG15 and viperin  and ICP22 DNAs (Fig. 3D and E).

genes (also known as vigl or rsad2) were similar to that for [IFN-¢1 The localization of HSV-1 in zebrafish larvae was revealed by
(Fig. 3B and C). The HSV-1 genomic DNA levels in the infected ~ whole-mount in situ hybridization (WISH), using the DIG-la-
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P < 0.01 (versus the corresponding control).

brains and eyes of the larvae, and the virus was observed around
the yolk sac (Fig. 3F, arrowheads).

To substantiate the localization of HSV-1 in vivo, we infected
72-hpf zebrafish larvae intravenously with HSV-1-GFP, an intact

beled probe complementary to the HSV-1 ICPO gene. HSV-1 be-
gan to appear as early as 24 hpi and increased steadily up to 48 hpi,
which echoes the patterns of the antiviral gene expression induced
by HSV-1. Notably, the HSV-1 focused predominantly in the
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virus labeled with GFP. Consistently, the GFP pattern of the
HSV-1 infection was identical to those with the WISH data, pres-
ent in the entire body of the zebrafish larva and accumulated
mostly in the brain, suggesting that the brain served as the reser-
voir for HSV-1 (Fig. 3G). Taken together, these data indicate that
HSV-1 propagates successfully in brain and induces robust anti-
viral responses in zebrafish larvae.

Zebrafish STING is indispensable for sensing HSV-1 infec-
tion. Bioinformatics analysis revealed that STING is relatively
conserved through vertebrate species (30). The zebrafish STING
displayed 40.6% and 42% identity to human and mouse, respec-
tively (data not shown). It is well established in the mouse model
that the ER protein STING is indispensable for sensing and re-
sponding to HSV-1 infection (25). To explore the antiviral func-
tion of STING in zebrafish, we designed antisense morpholino
oligonucleotides (MOs), which are effective for knocking down
STING in vivo (zST MO). A scramble morpholino sequence
(Gene Tool Ltd.) was included as negative control (Ctr. MO) (Fig.
4A). The knockdown of the endogenous STING caused some mi-
nor developmental abnormities (shortened trunk and decreased
pigmentation) (Fig. 4B). It was observed that 90% of the STING-
silenced morphants died within 3 days, whereas 60% of the in-
fected control morphants remained alive (Fig. 4C). As expected,
HSV-1 infection induced the robust expression of IFN and IFN-
responsive genes in control morphants. Notably, the knockdown
of STING almost abolished the inductions of the same antiviral
genes (IFN-¢1, ISG15, and viperin), when infecting zebrafish with
HSV-1 (Fig. 4D to F). In addition, confocal microscopy revealed
that HSV-1-GFP propagated much more strongly in the STING-
silenced morphants than in the control morphants (Fig. 4G).
There was nearly a 2-fold increase of GFP signal in the STING-
silenced morphants (Fig. 4H).

Next, we generated morpholino-resistant STING mRNAs from
zebrafish, mouse, and human. The phenotype and survival rate
caused by STING deficiency could be partially rescued by morpho-
lino-resistant STING mRNAs (Fig. 5A and B). Interestingly, the im-
paired expression of IFN-¢1, ISG15, and viperin in the STING-si-
lenced larvae could be rescued by the injection of the zebrafish STING
mRNA when infecting the larvae with HSV-1. Notably, the STING
mRNAs from mouse and human could partially rescue these gene
inductions (Fig. 5C to E). In human, STING S366 is essential for its
function (39). We identified the corresponding conserved zebrafish
STING S$373 and generated the S373A loss-of-function mutant. Con-
sistently, the mutant failed to rescue the impaired expression of IFN-
¢1, ISG15, and viperin in the STING-silenced larvae (Fig. 5F to H).
Taken together, these data indicate that zebrafish STING is indis-
pensable for sensing DNA virus, confirming the conservation of
STING function.

DHX9 and DDX41, but not cGAS, are cytosolic sensors of
HSV-1 infection. Several cytosolic DNA sensors have recently
been identified in mammals, including cyclic GMP-AMP synthase
(cGAS), DDX41, and DHX9 (20, 22, 23). cGAS was characterized
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to be indispensable for sensing HSV-1 infection in mouse and
human (40). We noticed that zebrafish contains an ortholog of
cGAS (XM_680019.3), as predicted via bioinformatics analysis.
Therefore, we named it zpcGAS (for zebrafish predicted cGAS).
We designed the antisense morpholino oligonucleotides (zpcG
MO) that specifically blocked the translation initiation in the
zpcGAS sequence (Fig. 6A). Knocking down zpcGAS resulted in
marked developmental abnormities of zebrafish larvae, as evi-
denced by a curly tail, hindbrain atrophy, and decreased pigmen-
tation (Fig. 6B). Unexpectedly, the knockdown of zpcGAS did not
cause an obvious effect on the induction of IFN-¢1, ISG15, and
viperin in zebrafish larvae in response to HSV-1 infection (Fig. 6C
to E).

We also determined the potential orthologs of DDX41
(NM_201045.1) and DHX9 (NM_001201444.1) in zebrafish,
based on the sequence comparison and conserved domain archi-
tectures. Following the knockdown of DDX41 or DHX9 with the
corresponding antisense morpholino oligonucleotides individu-
ally, we checked the efficiency of the morpholino knockdown (Fig.
6F). There were no obvious developmental abnormalities ob-
served in the morphants. In addition, the DDX41/DHX9 double
knockdown morphant apparently developed normally (Fig. 6G).

To test the function of DDX41 and DHX9, we checked the
HSV-1-induced expression of the antiviral genes. Interestingly,
silencing of DDX41 markedly decreased the induction of IFN-¢1,
ISG15, and viperin. Silencing of DHX9 resulted in more reduction
of the same antiviral genes. Furthermore, the induction of the
antiviral genes (IFN-¢1, ISG15, and viperin) was almost abolished
in the DDX41/DHX9 double knockdown morphant (Fig. 6HtoJ).
Collectively, these data indicate that DDX41 and DHXY, but not
cGAS, are bona fide sensors of HSV-1 infection in zebrafish.

MAVS is marginally involved in sensing HSV-1 infection.
MAVS is an essential adaptor on mitochondria for the RIG-I sig-
naling of mammals and zebrafish (29). We investigated whether
MAVS played a role in sensing HSV-1 infection in zebrafish. An-
tisense morpholino oligonucleotides against MAVS (zMAVS
MO) were effective in zebrafish embryos (Fig. 7A). It was observed
that the knockdown of MAVS led to little effect on the develop-
mental indexes of zebrafish larvae (Fig. 7B). The IFN-¢1 induc-
tion was only marginally reduced in MAVS knockdown mor-
phants. However, the induction of ISG15 and viperin was
apparently intact in MAVS knockdown morphants compared to
wild-type and control morphants (Fig. 7C to E). Taken together,
these data indicate that MAVS is marginally involving in sensing
HSV-1 infection in zebrafish, which is consistent with the obser-
vations in mouse.

DISCUSSION

HSV-1 infects mammalian cells and displays its DNA in the cytosol.
HSV-1 infection in mouse represents a good model to elucidate how
hosts sense/recognize the cytosolic aberrant DNAs and initiate innate
antiviral responses. Several DNA sensors have been characterized in

indicated time periods. Induction of IFN-¢1 (C), ISG15 (D), and viperin (E) mRNAs was measured by real-time quantitative PCR. (F) Morpholino-based
zDDX41 and zDHX9 gene knockdown is efficient in zebrafish embryos. (G) Phenotypic analyses of morphant larvae at 72 hpf. Embryos were injected with 3 ng
control morpholino (Ctrl MO), 3 ng zDDX41 MO, 3 ng zDHX9 MO, and 3 ng zDDX41 plus 3 ng zDHX9 MO. The phenotypes were analyzed at 72 hpf. (H to
J) Quantification of antiviral gene induction in control, DDX41, DHX9, and double knockdown morphant larvae infected with HSV-1. AB embryos were injected
with 3 ng control, DDX41, DHX9, or DDX41 and DHX9 morpholino. The morphant larvae were challenged with 200 PFU wild-type HSV-1 for the indicated
time periods. Induction of IFN-¢1 (H), ISG15 (I), and viperin (J) mRNAs was measured by real-time quantitative PCR. Measured values were normalized to the
mean of the control set. Data shown are mean = SEM from at least three independent experiments. *, P < 0.05; **, P < 0.01 (versus the corresponding control).
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mouse, including cGAS, DDX41, and DHX9. These receptors trans-
mit the activation signal to the ER-resident protein STING, which in
turn activates the TBK1 kinase and IRF3 transcriptional factor and
ultimately induces the expression of a broad array of cytokines and
chemokines which are important for innate immunity. Understand-
ing of STING signaling is still in its infancy. More signaling and reg-
ulatory proteins are expected to be identified and characterized (37,
41-43). Given the versatility of zebrafish for genetic screening, we
were interested in the feasibility of establishing an in vivo model to
dissect the cytosolic DNA sensing pathway in zebrafish.
Mammal-tropic viruses are normally adapted to propagate at
37°C and fail to replicate at 28°C, a temperature optimal for ze-
brafish growth. This limits the successful establishment of most
human disease-related virus infection models in zebrafish. In con-
trast, Chikungunya virus (CHIKV) triggers a strong type I inter-
feron (IFN) response in zebrafish neutrophils and hepatocytes
(11). Infectious hematopoietic necrosis virus (IHNV) primarily
infects the vascular endothelium of zebrafish larvae (10). Infec-
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tious spleen and kidney necrosis virus (ISKNV) could replicate in
almost all organs of the infected adult zebrafish (12). Unfortu-
nately, few studies of these viruses have been systematically per-
formed in mice, which restrict their application in elucidating the
relevant innate immune signaling.

A recent study demonstrates that adult zebrafish are suscepti-
ble to HSV-1 infection and that HSV-1 colonizes the zebrafish
encephalon and spinal cord (13). In this study, we confirm that
HSV-1 could infect zebrafish successfully at 28°C. Notably, the
HSV-1 infection pattern in zebrafish nicely mirrors that in mouse,
in terms of the infection time course, the location of colonization,
and the establishment of lytic/latency phases (25). Importantly,
we have optimized the time windows of the HSV-1 infection at the
different developmental stages of zebrafish larvae, and we found
72 hpfto be the best stage for administering HSV-1 infection. As a
result, we have reduced the dose of HSV-1 from the former 10* to
10° PFU to approximately 200 PFU, which makes future screening
experiments possible.
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As a pilot test, we systematically checked the induction of an-
tiviral genes in zebrafish during HSV-1 infection. We observed
that HSV-1 robustly induced the expression of the IFN-¢1, ISG15,
and viperin genes in zebrafish, indicating that zebrafish is fully
competent to sense HSV-1 and initiate innate antiviral responses.
The RIG-I/MAVS signaling is conserved in zebrafish, and it re-
sponds specifically to RNA virus infection (29, 30). Consistently,
silencing of zebrafish MAVS did not affect the innate antiviral
responses to the HSV-1 infection, which substantiates the obser-
vation in mouse (44).

Notably, silencing of zebrafish STING almost completely
abolished the induction of IFN-¢1, ISG15, and viperin by
HSV-1. This effect could be rescued by reintroducing the mor-
pholino-resistant mRNA of zebrafish STING. It could also be
partially rescued by reintroducing the morpholino-resistant
mRNAs of human or mouse STING. Notably, the conserved
loss-of-function mutant of STING (S373A) failed to display the
rescuing effects. These data indicate that zebrafish STING per-
forms the same function as its orthologs in mammals. The
HSV-1 infection model in zebrafish apparently reproduces that
in mouse.

Unexpectedly, the predicted zebrafish cGAS was dispensable
for sensing HSV-1 in zebrafish. One possibility is that the bioin-
formatics algorithm breaks down in this case, because the ze-
brafish ¢cGAS ortholog does not necessarily have detectable se-
quential identity to its mammalian counterparts. Another
possibility is that zebrafish does not have the cGAS functional
counterpart at all. cGAS is not present in all mouse cell types, and
its antiviral function is replaced by other DNA sensors in specific
cell types (45). We speculate that cGAS probably evolved later in
the animal domain. This speculation is partly supported by the
observation that silencing of DDX41 and DHX9 markedly im-
paired the expression of the HSV-1-triggered antiviral genes in
zebrafish. Future evolutionary analysis might underscore the
functional redundancy and/or diversification of these DNA sen-
SOT'S across species.

A STING knockout mouse is viable (25), and so is the STING-
silenced zebrafish. A DDX41 or DHX9 knockout mouse is cur-
rently unavailable. The DDX41- or DHX9-silenced zebrafish is
developmentally normal. Therefore, we speculated that STING,
DDX41, and DHX9 mediated mainly the innate immunity in
zebrafish, which makes it easier to dissect the cytosolic DNA
sensing pathway in zebrafish. Collectively, our current study
has successfully established an HSV-1 infection model in ze-
brafish that reproduces the antiviral responses observed in the
mouse model. This model will be instrumental for discovering
the key signaling proteins in STING signaling and uncovering
the conservation and diversification of the DNA sensing path-
ways. The HSV-1 infection model is also useful for screening
agonists or antagonists of the STING signaling pathway, which
are potentially important for manipulating inflammation and
autoimmune diseases.
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