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ARTICLE INFO ABSTRACT

Keywords: Viperin is an important virus-induced protein in animals that negatively participates in RNA viral replication and
Zebrafish transcription. The reactive machinery of viperin suggests that it produces a regulatory molecule ddhCTP, which
VHSV_ may affect immune regulation. In this study, we investigated the expression pattern of viperin in larval and adult
X;Ii)ecrlzo]ut model stages of zebrafish by whole-mount in situ hybridization and reverse transcription-quantitative PCR (RT-qPCR).
CRISPR/Cas9 To elucidate the function of viperin, we generated a zebrafish knockout model using the CRISPR/Cas9 method

and evaluated the mutation’s effects under viral hemorrhagic septicemia virus (VHSV) infections. In zebrafish
larvae, viperin was expressed in the brain region, eye, and pharynx, which was confirmed by cryosectioning. In
adult zebrafish, blood cells showed the highest levels of viperin expression. In 5 dpf fish challenged with VHSV,
the expression of the viral NP protein was significantly enhanced in viperin /'~ compared to wild-type fish. In
vitro VHSV propagation analysis indicated comparatively higher levels of virus propagation in viperin '~ fish.
Mortality analysis confirmed higher mortality rates, and interferon gene expression analysis showed a strong
upregulation of interferon (ifn)pl and 3 gene in viperin~/~ fish infected with VHSV. This study describes the

successful generation of a viperin-knockout model and the role of viperin during VHSV infections.

1. Introduction

Viperin is a virus-induced protein thought to have originated from
ancient metabolic enzymes [1]. This protein bears a highly conserved
Cx3Cx2C motif, known as the catalytic motif, of which three cysteine
amino acids can incorporate the 4Fe—4S cluster, which is key to viperin’s
catalytic reaction. The mechanisms proposed for viperin illustrates the
ability to produce a di-deoxy nucleotide, ddhCTP, from dhCTP. The lack
of a 3'-hydroxyl group makes ddhCTP a universal chain terminator
nucleotide for RNA polymerization reactions [2].

Single-stranded RNA viruses, either positive or negative, propagate
by RNA-dependent RNA synthesis, in which a unique class of RNA
polymerases called RNA-dependent RNA polymerases (RdRps) are
employed. As the mechanism of RdRp deviates from the eukaryotic RNA
processing, the evolution of antiviral defense mechanisms may have
targeted this RNA-dependent RNA synthesis machinery [3]. ddhCTP

produced by viperin can bind to RdRp to inhibit viral RNA synthesis [4].

Several studies have delineated the catalytic function of viperin in
mammals [5], reptiles [6], birds [7], and fish [8]. These studies suggest
a repertoire of catalyzed mechanisms, including direct inhibition of viral
transcription and replication [9], lipid vesicle formation modulation
[10], alterations to metabolism [11], and several antiviral regulatory
functions [1]. It remains unclear how a single protein with a single
catalytic domain could possess all these functions. Although ddhCTP
may explain viperin’s ability to target a single-stranded RNA virus and
inhibit its transcription and replication machinery, few studies have
evaluated the additional functions of viperin, which would undoubtedly
shed light on its regulatory mechanisms in vivo [12].

Compared to mammalian viperin, the expression regulation of
viperin and its role in lower vertebrates, including fish, is lesser-known.
Viral infection or stimulation with RNA virus mimicry materials such as
poly LI:C caused substantial expression of viperin in fish cells or in vivo
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models. Promoter regions of the fish viperin gene, including that of
zebrafish, have identified interferon response elements (ISRE), indi-
cating fish ifn has a regulatory role on the viperin expression [13,14].

Viral hemorrhagic septicemia virus (VHSV) is a deadly pathogen in
both free-living and cultured fish [15]. A considerable loss of aquacul-
ture species due to VHSV infection has been reported; therefore, studies
focusing on antiviral genes are of paramount importance in under-
standing natural defense route and establishing effective treatment
strategies [16]. Furthermore, a comprehensive understanding of anti-
viral mechanisms is vital in the development of virus-specific drugs,
vaccines, and genomic selection of aquaculture species. Hence, our
study was aimed at describing the role of viperin in zebrafish. First, the
expression pattern of viperin was determined using whole-mount in situ
hybridization (WISH) and reverse transcription-quantitative PCR
(RT-qPCR). To analyze its function, we generated a viperin-knockout
zebrafish model (KO), and it was infected with VHSV to evaluate viral
gene transcription. We also assessed the gene expression alteration in
viperin-KO. This study provides a suitable model to elucidate the role of
viperin in antiviral defense mechanisms, and our findings could aid the
development of antiviral treatment strategies.

2. Materials and methods
2.1. Bioinformatic analysis

The genomic sequence for zebrafish viperin was obtained from the
ZFIN server (https://zfin.org). Homology models for viperin were con-
structed using the SWISS-MODEL online server (https://swissmodel.
expasy.org). PyMOL (version 2.5) was used to visualize the models
(https://pymol.org). Homology structures for zebrafish viperin were
analyzed with the CAVER tool [17]. Orthologous viperin sequences ob-
tained from the NCBI database (https://www.ncbi.nlm.nih.gov/n
ucleotide) were used to construct a phylogenetic tree using MEGA
(version 10) (https://www.megasoftware.net). For the phylogenetic
tree, orthologous sequences were aligned using the clustalW algorithm
(https://www.ebi.ac.uk/Tools/msa/clustalo). For the tree construction,
the neighbor-joining method with 5000 bootstrap replicates was used.
The equal input model was used as the substitution model, and the rates
were homogenized. For the tree evaluation, each organism in the tree
was checked to reside in its natural classification groups, and the
bootstrap values were used to evaluate the branching pattern.

2.2. Zebrafish husbandry

Larval and adult wild-type (WT, AB) zebrafish were maintained as
previously described [18]. The light/dark cycle, water temperature, pH,
and conductivity were maintained at constant levels (14:10, 28 +
0.5 °C, pH 6.8-7.5, and 500-800 pS, respectively). Fish were fed a live
Artemia diet three times per day. The study protocol was approved by
the Jeju National University Animal Ethics Committee.

2.3. Whole-mount in situ hybridization (WISH) and cryosectioning

A digoxigenin-labeled antisense probe for viperin was synthesized by
in vitro transcription. Larval developmental stages, including 24 hpf, 3
dpf, and 5 dpf, were separated, and the 3 dpf and 5 dpf stages were
treated with 0.003% phenylthiourea (Sigma-Aldrich, USA) at 24 hpf.
Embryos were anesthetized with MS-222 (Tricaine, Sigma-Aldrich),
transferred into 4% paraformaldehyde for 24 h at 4 °C, and then
transferred to a 100% methanol solution.

WISH was performed as previously described [19], with slight
modifications. After imaging for WISH, embryos were fixed in agarose.
Agarose blocks were equilibrated in a 30% sucrose solution (Sigma) and
instantly frozen in liquid nitrogen. The frozen blocks were stored at
—80 °C until sectioning was performed using a cryostat (CM3050 S,
Leica, Germany).
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2.4. Generation of viperin™/~ fish

CCTop (https://crispr.cos.uni-heidelberg.de) was used to design
single-guide RNA (sgRNA, Supplementary Table 1), which was then
synthesized as previously described [20]. sgRNA at a final concentration
of 100 ng/pL was mixed with 1 pL of recombinant Cas9 protein
(including (KCl 100 mM and 0.05% phenol red, ToolGen, South Korea)
and injected into one-cell-stage embryos using a micro-injector (Pico
Pump, World Precision Instruments, USA). After 24 h, the efficiency of
mutagenesis in the FO fish was analyzed using the T7 endonuclease [21].

FO fish were crossed with WT fish, and their embryos were genotyped
using PCR. FO fish positive for the mutation were identified, and em-
bryos were selected for the F1 generation. The F1 generation was
sequenced to detect the mutation, and only the initial frameshift mu-
tation of viperin was selected as the candidate mutation. The F2 gen-
eration was obtained by crossing F1 x F1 individuals and screened for
the homologous mutation of the viperin gene (viperin™’~). F2 fish with
this mutation were separated, and embryos for experiments (F3 gener-
ation) were obtained by crossing viperin ™~ x viperin~/~ fish (Supple-
mentary Fig. 1).

2.5. VHSV culturing and stock preparation

VHSV (Genotype IVa, FWando05, NCBI- FJ811900.2) was grown in
FHM cells (20 °C, atmospheric conditions) in L-15 medium supple-
mented with 5% FBS, 1% streptomycin, and 1% penicillin. Cells were
incubated until all cells were detached from the flask bottom and
floating in the medium. The cell-containing solution was collected,
subjected to three freeze-thaw cycles (frozen to —80 °C), vortexed,
filtered through a 20 pm filter, and stored at —80 °C until the infection
experiment.

2.6. VHSV challenge experiment

To examine virus propagation in viperin ™/~ fish, we collected 50
embryos per treatment group and incubated these at 28 °C for three
days. The fish larvae were subsequently transferred to a 20 °C incubator
and injected with equal amounts of VHSV at the 4 dpf stage using a
calibrated micro-injector (Supplementary Fig. 2). Approximately 3000
TCIDsy VHSV/larvae were injected and incubated at 18 °C until RNA
extraction. Post-injection fish survival was recorded daily.

rVHSV-ANV-EGFP (IVa) was kindly donated by the Department of
Aquatic Life Medicine and the Department of Marine Biomaterials &
Aquaculture, Pukyong National University, Busan, South Korea [22].
rVHSV-ANV-EGFP was propagated under conditions similar to those
used for WT VHSV. rVHSV was injected into the yolk of the 4 dpf larvae.
For the immersion experiment, we generated a neutrophile-labeled
transgenic viperin /~ fish by crossing with Tg(mpx:mCherry) line. A
tissue injury in fish was introduced by caudal fin amputation and
immersed in 10® TCIDso/mL rVHSV at 18 °C. Fluorescent microscopy
(40 x , Leica Microsystems, Germany) was used for imaging, and images
were modified for presentation using the Leica Application Suite X
software (version 3.3).

2.7. Extraction of VHSV from zebrafish larvae

Thirty larvae (n=30) were collected in a homogenizing tube, and 1
mL of L-15 plain media (1% P/S) was added. The sample was then ho-
mogenized and frozen at —80 °C. Three freeze-thaw cycles were per-
formed, samples were filtered through 20 pm filters, and the filtrate was
stored at —80 °C.

2.8. Calculating TCID59/mL

FHM cells were cultured in 96-well plates. At a cell confluency of
90%, cells were infected with 10-fold dilutions (from 107! to 1078) of
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VHSV, and the emergence of cytopathic effects was assessed daily. After 2.10. Quantitative real-time PCR
7 d, cell viability was assessed using the crystal violet method [23].

TCIDso/mL was calculated as previously described [24]. Gene expression patterns were analyzed by RT-qPCR using a Dice™

TP800 Real-Time Thermal Cycler System (Takara, Japan). For each
2.9, Sample collection, RNA extraction, and cDNA synthesis gene., pri.mers were d(.esig.ned accmjding to the mir%imum information. for
publication of quantitative real-time PCR experiments (MIQE) guide-
Fish were anesthetized with MS-222 (160 pg/mL) before sample lines (Supplementary Table 1) [25].
collection. Tissue samples were immediately frozen in liquid nitrogen
and stored at —80 °C. Following extraction with TRIzol reagent (Thermo 2.11. Statistical analysis
Fisher Scientific, Waltham, MA, USA). Total RNA (3 pg) was used to
synthesize ¢cDNA using the PrimeScript 1% strand ¢cDNA synthesis kit
(Takara, Japan). cDNA was diluted 30-fold with nuclease-free water
according to the Ct value for the respective reference gene (Supple-
mentary Table 1). The diluted samples were then subjected to RT-qPCR.

All experiments were conducted at least three times. Data were
analyzed using one-way analysis of variance (ANOVA) with Tukey’s
comparison (p < 0.05). Results labeled with lowercase letters differ
significantly from other samples. The survival analysis was conducted
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Fig. 1. Bioinformatic analysis of viperin. A, Multiple sequence analysis of viperin with viperin orthologs representing major vertebrate branches (Supplementary
Table 2). The Cx3CxoC motif region of viperin is highly conserved throughout the animal kingdom, which verifies the importance of this motif for the catalytic
activity. B, Phylogenetic tree indicates the evolutionary position of viperin among certain fish species. As expected, zebrafish viperin was grouped with viperin
homologs from the Cyprinidae family. The most closely related family is the Catostomidae. Furthermore, tetrapod viperin homologs are distantly related to fish
homologs. This tree was replicated 5000 times, and the number at the nodes indicate their bootstrap values. C, Homology model showing the arrangement of
secondary structural elements. Viperin bears 11 a-helices and 8 B-sheets arranged in an outer and inner circle, respectively. Reference structures used for the model
are mentioned in Supplementary Table 3. D, Structural analysis of viperin. DI, A surface model for viperin showing the tunnel at the center of the protein structure.

DII, and DIII, the tunnel (blue mesh) at the center of the viperin structure. DIV, The relative position of the cysteine amino acids (green, yellow, and red) in the
catalytic motif.
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using the Kaplan-Meier method, and the data were analyzed using the
Mantel-Cox test (p < 0.0001).

3. Results and discussion
3.1. Bioinformatic analysis

The genomic region where viperin is located contains six exons that
produce a coding sequence (CDS) of 1080 nucleotides. The viperin CDS
codes for a protein with 359 amino acids, in which three domains were
identified. The N-terminal domain contains an endoplasmic reticulum
(ER) localization signal sequence (amino acids 1-38) that facilitates
viperin localization into the ER. Most viruses use the ER for replication,
protein synthesis, and propagation [26]. Therefore, localization to the
ER is logistically plausible. The middle catalytic domain is highly

A 2cell Shield Bud  3-4ss 10ss
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consistent with other viperin proteins; the main motif in this catalytic
domain is the characteristic Cx3CxoC motif (amino acids 81-88)
(Fig. 1A). Although the sequence of the C-terminal domain (89-359) is
conserved with other known viperin proteins, its function remains un-
clear. Multiple functions have been described for the C-terminal domain,
including virus protein binding [27], oligomerization [28], and antiviral
activity toward specific viruses [29]. According to the phylogenetic
analysis (Fig. 1B), viperin occurred in the same clade as proteins from the
carp family (Cyprinidae). Other economically important fish, such as
salmonids, occurred in separate clades to that of viperin, indicating their
viperin sequences are different from that of zebrafish. Furthermore,
mammalian viperin protein sequences were distantly related to zebra-
fish viperin.

In mammals, viperin proteins act as ddhNTP synthases. Strong sim-
ilarities between the catalytic regions of viperin and its mammalian

18ss 24 hpf 36hpf 48hpf 3dpf Sdpf 7dpf

200 bp

viperin

g bR — o - . ——— .

MB pyp

0.1 mm

0.1 mm :

Fig. 2. Viperin expression pattern at different developmental stages. A, In WT fish, viperin was strongly expressed as early as the shield stage. At 5 dpf, viperin
showed a relatively higher expression compared to other developmental stages. B, Whole-mount in situ hybridization of 3 dpf zebrafish larvae. Expression of viperin is
mainly observable in the midbrain (MB) and hindbrain (HB) regions of 3 dpf zebrafish larvae. Other than the brain, the eye (EY) showed a considerable expression. C,
High magnification of the head region of 3 dpf fish. D, Dorsal view of 3 dpf larvae. E, Whole-body image of a 5 dpf larvae showing considerable expression pattern in
the MB, HB, EY, and esophagus (EO). F, high magnification image of the head region showing an expression in the MB, HB, EO, and visceral/gill arch (GA) region. F-
1, Zoom-in image of the brain region. F-II, Zoom-in image of the internal tissue region indicating the GA. Black arrows are indicating the significant expression.
Dorsal (G) and ventral (H) views of the 5 dpf embryo showing the expression of viperin in the MB and HB regions. J, Transverse section of the forehead region
showing viperin expression in forebrain region (fbr), eye mucosal tissue (emt), and cranial cavity lining (cvl). K, high magnification image for the expression in upper
cell layer of the cranial cavity (ucv). L, Transverse section of the MB region indicating the viperin expression in the eye mucosal tissue and the pharynx (pl). M,
transverse section of the larvae in the HB region indicating the viperin expression in the hind brain (hbr) and the visceral/gill filaments (gfl).
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counterparts suggest that viperin could act as a ddhNTP synthase in
zebrafish [30]. Radical SAM enzymes use two major components to
initiate various reactions, i.e., 4Fe-4S cluster and S-adenosylmethio-
nine, and our homology model supports the availability of both com-
ponents. In viperin, three cysteine amino acids (C81, C85, and C88) at the
catalytic motif form iron-sulfur bonds with three adjacent iron mole-
cules in the 4Fe-4S cluster. These three iron atoms are interconnected
via a single sulfur atom. Iron-sulfur clusters generate a range of reduc-
tion potentials (—400 to +400 mV) [31], which are used to catalyze
various reactions. In viperin, the reduction potential of the iron-sulfur
cluster is used to synthesize ddhCTP from dhCTP.

We analyzed viperin in silico to elucidate its structural features. The
homology model of viperin comprised eight p-sheets and 11 a-helices.
The a-helices and f-sheets are arranged as an outer and inner circle in
the viperin structure (Fig. 1C). The distribution of a-helices and p-sheets
showed a near symmetrical arrangement around the middle catalytic
elements, suggesting that the a-helices may be involved in structural
functions, such as the stabilization of viperin and its catalytic elements.
We hypothesize that a radical reaction occurring inside the cell requires
a specific microenvironment, the intermediate products formed during
radical reactions are highly reactive and should occur separately to
sensitive biomolecules. Further analysis revealed that viperin includes a
central tunnel that passes through the protein structure (Fig. 1DI and
DII). The catalytic center was present on the tunnel surface and exposed
to the tunnel cavity (Fig. 1DIII and DIV). According to this structural
arrangement, the reactants or products may enter through this tunnel,
and viperin may proceed via a radical mechanism without interfering
with the rest of the cell. Accordingly, this arrangement is vital for viperin
to act as a radical protein.

3.2. Viperin expression pattern in WT fish at the larval stages

The expression pattern of viperin was analyzed (Fig. 2A) at 12 distinct
embryonic stages. viperin was expressed in the early and later stages of
embryonic development, including 5 dpf and 7 dpf. Compared to other
developmental stages, the 5 dpf fish showed relatively higher viperin
expression. Usually, zebrafish hatch at 48-72 hpf [32], exposing the
developing larvae to the external environment, and gut bacterial colo-
nization usually occurs at 4 dpf. To compensate for this exposure,
antiviral gene expression may be important specifically at around 5 dpf
[33]. However, it is unclear whether viperin expression results from
exposure to immune stimulants from the external environment or
whether it is a developmental phenomenon. Therefore, further studies
are required to fully understand this expression pattern.

We performed WISH for three zebrafish developmental stages. In
embryos at 1 dpf, very low signals were observed 24 h after staining
(data not shown). According to the results at 3 dpf, viperin was observed
in the brain, eyes, and esophagus (Fig. 2B-D). In 5 dpf fish, the
expression of viperin was observed in the eye, brain, esophagus, and gill
arch (Fig. 2E-H).

According to the cryosectioning results (Fig. 2J-M), the mucosal
tissue association of viperin was further verified in 5 dpf embryos where
it occurred on the eye surface, upper cell layer of the cranial cavity,
around the lining of the esophagus, and gill filaments. These mucosal
tissues are vital to organ function and are especially important in aquatic
organisms, where they create a barrier between the organs and the
external environment and provide the first line of defense against
pathogens [34]. Previous studies have identified the involvement of
innate immune cells in mucosal tissues [34]. We hypothesize that these
mucosa-associated cell populations may have expressed viperin during
the early stages of fish development when embryos are most sensitive to
viral infections. The association between viperin and mucosal tissues has
also been shown in humans, where it was detected in buccal mucosa
cells [35]. This evidence further supports the results of the present study.
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3.3. Expression pattern of viperin in adult zebrafish

We analyzed the tissue-specific expression of viperin in adult fish
(Fig. 3) and found that the blood, spleen, testis, and brain showed the
highest expression levels, and the kidneys and ovaries showed the lowest
expression levels.

Several studies conducted on fish have indicated that viperin
expression is the highest in the blood [36,37]. Blood serves as a medium
for virus propagation, and virus-infected blood cells can move freely
until they are recognized by the adaptive immune system, making viral
entry into blood cells particularly lethal. Therefore, enhanced antiviral
mechanisms are expected to occur in the blood, where several naturally
occurring immune cells produce antiviral proteins, such as viperin.
Concurrently, these findings may explain the observed expression levels
of viperin in the blood.

The observed expression in the spleen may be related to its expres-
sion in the blood, as blood is filtered through the spleen. During WISH,
we observed higher expression levels in the brain. Adult fish also showed
considerable expression of viperin in the brain, indicating that this
expression pattern was retained during development. In contrast to its
expression in the gut of adult fish, we could not find any expression of
viperin in the gut of 5 dpf fish based on cryosectioning. This difference in
expression pattern may be associated with the transition to active
feeding as this promotes an animal’s exposure to antigens. The fish gut
serves as one possible route for viral infections in adult fish [38], and the
active omnivorous feeding behavior of zebrafish increases the potential
for infection. Thus, viperin expression in the gut may be important for
antiviral defense, especially in adult fish.

3.4. Genotyping and sequencing of viperin~/~ fish

After microinjection with sgRNA, the efficiency of mutagenesis was
determined by PCR, followed by hetero-duplex formation using T7
endonuclease. F1 fish were genotyped by PCR, and positive fish were
sequenced to identify the type of mutation generated. Two mutations
were identified, a frameshift (4 bp deletion) (Fig. 4A) and a non-
frameshift mutation (15 bp deletion), of which only the early frame-
shift mutation was screened. F2 fish were genotyped by PCR, and fish
homologous to viperin~/~ were selected. Using RT-PCR, viperin /"~ fish
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Fig. 3. The distribution of viperin in adult zebrafish tissues. The expression
pattern of viperin was analyzed by qPCR, and the data was processed using the
Livak method. Blood had the highest expression of viperin, with the spleen,
testis, heart, intestine, and brain also showing significant levels of expression.
The kidneys and ovaries had the lowest levels of expression. Data were
normalized to the expression of the kidney. Data were analyzed with a one-way
ANOVA and Tukey’s comparison (p < 0.05). Results labeled with different
lowercase letters differ significantly from other samples.
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Fig. 4. Generation of viperin /'~ fish. A, Verification of two PCR products from viperin/~ gDNA mixed with WT gDNA. B, Confirming the establishment of
viperin~/~ fish by RT-PCR, with -actin used as reference gene. Total RNA was extracted from both WT and viperin~ " fish, and the expression of viperin was analyzed

by RT-PCR. Viperin~/~ fish completely lacked the wild-type (WT) viperin transcript. C, Type of mutation detected in the viperin
containing viperin was cloned and sequenced in both WT and viperin~/~ fish, which indicated a 4 bp base pair deletion. Chromatogram for the viperin

=/~ genome. The genomic region

~/~ indicate a 4

bp deletion at the point of mutation. Viperin*/~ fish had mixed peaks after the region of 4 bp deletion. D, WT and mutated viperin protein (the extent of the sequence
coded by the KO model is represented by blue letters). E, the mutated peptide produced by the KO model completely lacked the catalytic motif.

was analyzed to verify the absence of WT viperin transcripts (Fig. 4B).
Using in silico analysis, we generated a protein model produced by the
mutated transcript. The mutated transcript had an early translation stop
signal, and the partial peptide produced by the mutated viperin tran-
script did not contain the catalytic domain (Fig. 4C-E) for ddhCTP
production.

3.5. VHSV experiment

Considering the comparatively higher viperin expression level at
around 5 dpf, we selected 4 dpf embryos for VHSV injection. We
compared the morphology between WT and viperin™~ fish before the
VHSV experiment and indicated no significant difference (Fig. 5A). This
developmental time window should allow us to compare the effect of
viperin on VHSV better than other developmental stages due to higher
viperin expression and lack of morphological abnormalities.

Zebrafish larvae lack adaptive immune responses to mount antibody-
mediated immunity [39]. Therefore, zebrafish larvae are particularly
suitable models for studying innate immune proteins. Studies indicated
the suitability of VHSV infection experiments in zebrafish [40]. Natural
VHSV (IVa) infections occur bellow 15 °C [41]. For zebrafish larvae, an
infection temperature of 18 °C is recommended for VHSV experiments
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[40]. Even if the temperature is reduced to 18 °C, the poikilothermic
nature of fish causes less effect on the immune gene regulation [42]. This
feature allows to use zebrafish to analyze the gene expression regulation
under VHSV infections. In natural fish, VHSV infections mostly occur
through fin bases, gills, or wounds in skin. After the initial exposure to
VHSYV, the virus then migrates into the blood vessels [15]. Immersion of
viperin~/~ larvae without tissue injury does not produce significant
VHSV infection (data not shown). Therefore, we used microinjection
into yolk and immersion in VHSV after caudal fin amputation. Injection
into the yolk provided more consistent and stable infections, and we
used this method for the gene expression analysis.

After VHSV microinjection, WT fish showed morphological abnor-
malities, such as hind yolk edema, similar to those previously described
for virus-injected zebrafish larvae [43]. However, when viperin’/ ~ fish
were injected with VHSV, a higher degree of abnormalities was
observed, including pericardial edema, cytosis, and hind yolk edema.
Therefore, the pathological effects of VHSV were more severe in the
absence of viperin (Fig. 5B).

Zebrafish larvae were injected with rVHSV-ANV-EGFP (genotype
IVa), which expresses a green fluorescent protein (EGFP) during its
propagation. We found that EGFP signals were more intense in viperin ™
~ than in WT larvae (Fig. 5C and D). In teleost fish, VHSV had tropism for
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Fig. 5. VHSV infection of viperin—/~ fish. A, Initial morphology of 4 dpf viperin /" fish showed no abnormal phenotype. B, at 4 dpf, the KO and control fish were
injected with VHSV. Morphology was recorded at 2 dpi. Viperin~~ fish showed more severe abnormalities, such as yolk edema, hind yolk edema, cytosis, and
cardiomegaly (indicated with arrows). C, rVHSV-ANV-EGFP (rVHSV) was injected into 4 dpf fish yolk, and the migration of the rVHSV was monitored through
fluorescent microscopy at 30 hpi. D, r'VHSV migration at 48 hpi. Viperin~/~ fish showed a stronger EGFP signal compared to WT fish. E, rVHSV infection in the
immersion experiment. The caudal fin of 4 dpf larvae was amputated and infected with rVHSV by immersion. Red color indicates attracting neutrophils toward the
infection site. According to results, viperin~/~ fish showed a higher infection at 30 hpi. F, VHSV was extracted from 30 larvae, and TCIDso/mL was calculated.
Viperin /" fish showed higher VHSV titers compared to WT fish. G, VHSV NP gene expression in viperin "~ vs WT fish injected with VHSV. NP gene was significantly
higher in viperin~/~ fish compared to WT fish at 48 hpi. Data were analyzed with a one-way ANOVA and Tukey’s comparison (p < 0.05). Asterisks (*) indicate the
significant difference. H, Survival rates during VHSV infection. After the VHSV injection, the survival of the fish was analyzed for 3 days (n = 70). According to the
analysis, viperin~/~ fish had significantly lower survival rates compared to WT fish. The fish that survived the experiment were mentioned within the brackets. The
Kaplan-Meier method was used for survival analysis (p < 0.0001, Mantel-Cox test).

internal tissues such as the kidney, spleen, heart, liver, gastrointestinal viperin ™/~ is triggered by higher virus titer.

tract, and brain ventricles [44,45]. Our result indicated that the heart, In the injury immersion experiment, the relative strength and spread
spleen, eye lining, kidney, brain ventricles, and gut regions have VHSV of VHSV were higher in viperin ™/~ fish than in WT fish (Fig. 5E). As
tropism in both WT and viperin—/~ zebrafish, and a more intense signal caudal fin in 5 dpf fish comprised few cell layers, it provides a 2D
was observed in the brain region of viperin~~ fish (Fig. 5D). Morpho- platform to study the neutrophile migration. As VHSV proliferates pro-
logical abnormalities, such as edema, of various tissues indicate a higher gressively in the viperin ™/~ fish, more cytokines are produced at the
degree of acute inflammatory responses in the viperin ™/~ than in WT infection site, recruiting more neutrophils. Importantly, the lack of

fish. The strength of the morphological abnormalities corresponding to viperin does not seem to interfere with the neutrophile accumulation at
the EGFP signal strength indicated the high virus titer caused higher the infection site.

innate immune activation, such as expression of ifn, which is analyzed in Next, we extracted VHSV from 3 dpi fish and quantified the titer
the next section. We believe that elevated inflammatory activation in using the TCID5y method. According to the results, WT fish had 2.8 x
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10° TCIDso/mL, and viperin™~ fish had 1.6 x 107 TCIDso/mL, repre-
senting an almost ten-fold increase in the VHSV titer in viperin™/~
compared to that in WT fish (Fig. 5F). Virus titration further confirmed
the higher EGFP signal observed in viperin /" fish than in WT fish. As
virus RdRp is involved in the VHSV genomic replication [46], higher
virus titers are expected in the absence of viperin. We then analyzed
VHSV gene expression at 12 hpi and 48 hpi and found a significantly
higher NP transcript at 48 hpi in viperin ™~ than in WT larvae (Fig. 5G).
This result agrees with the role of RARp on the viral gene transcription.
The lack of viperin may have caused RdRp to proceed with viral gene
expression without interfering with ddhCTP.

We analyzed the survival of viperin /" fish infected with VHSV and
found that the majority of viperin ™/~ zebrafish larvae died within 3
d post-injection (Fig. 5H). Our findings indicate that viperin is crucial for
survival during the early stages of zebrafish development, similar to the
findings for other innate immune proteins [47]. During the rVHSV in-
jection experiment, we observed the progressive EGFP toward the brain
region in viperin~/~. VHSV-infected fish in previous studies have shown
severe tissue alterations like necrotic degeneration of the kidney and
spleen [48]. Further, mechanisms such as autophagy and necrosis have
been illustrated in cells infected with VHSV [49,50]. This type of cell
damage might have caused higher mortality in the viperin ™~ fish.

3.6. Zebrafish gene expression pattern in viperin /™ fish under VHSV
infection

Under VHSV infection, the expression levels of ifnp1 and ifnp3 were
significantly upregulated in WT fish (Fig. 6) and were significantly
higher in viperin ™~ than in WT fish, corresponding to the significant
upregulation of NP and the strong EGFP signal in viperin /"~ fish. We
also analyzed the expression patterns of ifnp2 and ifnp4, but their Ct

ifng1
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values were greater than 30 cycles (Supplementary Table 4), indicating
a comparatively lower levels of expression compared to ifng1 or ifng3.

Several studies have described the ability of viperin to form a com-
plex in the cytoplasm with IRAK1 and TRAF6, which are also associated
with lipid bodies. This complex can transmit signals from MyD88-
mediated virus RNA sensing and transcribe type-I IFN in mammals.
Therefore, a lack of viperin can inhibit Myd88-mediated ifn expression
[51,52]. One consideration is that the complex formation mechanism is
relatively slow compared to ifn induction through mavs [52]. The higher
virus titer in viperin ™/~ fish at 48 h may have triggered the strong
expression of ifn through Mavs. A study conducted in a viperin-KO
murine model indicated similar upregulation of IFNf with the pres-
ence of dengue virus (DENV) [53].

To further support the enhanced ifn production in viperin " fish, we
analyzed the myeloperoxidase (mpx) expression. Mpx is a marker for
neutrophil activation [54,55]. According to the results, mpx transcripts
in viperin™/~ fish were significantly higher, indicating a higher activa-
tion of neutrophils in the viperin-KO fish due to higher VHSV titer.

Cytidine monophosphate (UMP-CMP) kinase-2 (cmpk2) produces the
substrate for viperin [56]. Zebrafish genomic analysis indicated that
viperin is located at chromosome 17 adjacent to mitochondrial cmpk2.
This may indicate that viperin is grouped with Cmpk2 during its reactive
mechanism. We found that the expression of cmpk2 was significantly
higher in viperin /" than in WT fish at 48 hpi. To verify this observation,
we analyzed the expression patterns of viperin, cmpk2, and NP in
VHSV-injected adult zebrafish and found a similar pattern of expression
(Supplementary Fig. 3). This suggests a common regulatory mechanism
for viperin and cmpk2 during viral infection [57]. Studies in humans have
identified a regulatory RNA called cmpk2 long non-coding RNA
(Inc-RNA-cmpk2) near the genomic region of Cmpk2 [56]. Unfortu-
nately, no IncRNAs have been identified in this region for zebrafish,

ifng3
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Fig. 6. Gene expression patterns in viperin™/~ vs. WT fish. The average expression profile of ifn, mpx, and cmpk2 at 12 hpi and 48 hpi in vivo (n = 50). In
viperin /" larvae injected with WT VHSV, both ifng 1 and 3, mpx, and cmpk2 showed significant expression at 48 hpi. Gene expression levels were determined with
RT-qPCR and analyzed using the Livak method. Data were normalized to the 12 hpi PBS-injected samples. Data were analyzed with a one-way ANOVA and Tukey’s
comparison (p < 0.05). Results labeled with different lowercase letters differ significantly from other samples.
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though a long intergenic region away from the cmpk2 and viperin pair
may encode a non-coding-regulatory RNA, which could regulate the
expression of both viperin and cmpk2.

4. Conclusions

In this study, we generated and characterized a zebrafish viperin-KO
model to elucidate the role of viperin in teleost fish. In silico analysis
revealed the presence of the Cx3Cx2C catalytic motif in the central cat-
alytic tunnel of protein. According to WISH, viperin expression was
detected mostly in mucosal tissue linings, such as the eye surface, upper
layer of the cranial cavity, esophagus, and brain. CRISPR/Cas9 muta-
genesis resulted a 4 bp frameshift deletion in the viperin coding
sequence. When viperin ™/~ fish were challenged with VHSV, NP gene
expression, virus distribution and titer were increased compared to WT
fish. VHSV-injected viperin™/~ fish larvae showed very low post-
infection survival rates compared to WT fish. Gene expression analysis
indicated significant upregulation of ifn genes in viperin /" fish than WT
fish. These findings verify the successful generation of a zebrafish
viperin-KO model and reveal the important role of viperin during VHSV
infections.
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