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a b s t r a c t

Oxysterols are a family of cholesterol oxygenated derivatives with diverse roles in many biological ac-
tivities and have recently been linked with the induction of a cellular antiviral state. The antiviral effects
of 25-hydroxycholesterol (25HC) extend to several mammalian enveloped and non-enveloped viruses. It
has been reported that the expression of the gene encoding cholesterol 25-hydroxylase (CH25H) is
induced by interferons (IFNs). In this work, five ch25h genes were identified in the zebrafish (Danio rerio)
genome. The ch25h genes showed different tissue expression patterns and differed in their expression
after immune stimulation with lipopolysaccharide (LPS), polyinosinic:polycytidylic acid (PolyI:C) and
Spring Viremia Carp Virus (SVCV). Only one of the 5 genes, ch25hb, was overexpressed after the
administration of the treatments. Synteny and phylogenetic analyses revealed that ch25hb is the putative
homolog of mammalian Ch25h in zebrafish, while the remaining zebrafish ch25h genes are products of
duplications within the teleost lineage. Interestingly, its modulation was not mediated by type I IFNs,
contrasting previous reports on mammalian orthologs. Nevertheless, in vivo overexpression of ch25hb in
zebrafish larvae significantly reduced mortality after SVCV challenge. Viral replication was also nega-
tively affected by 25HC administration to the zebrafish cell line ZF4. In conclusion, the interferon-
independent antiviral role of 25HC was extended to a non-mammalian species for the first time, and
dual activity that both protects the cells and interacts with the virus cannot be discarded.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Viruses are known to alter lipid metabolism to favor their own
replication by promoting the synthesis of cholesterol and fatty
acids (Clark et al., 2012; Greseth and Traktman, 2014; Munger et al.,
2008; Sanchez and Dong, 2010; Taylor et al., 2011; Waris et al.,
2007; Yu et al., 2011). As a consequence, drugs that affect cellular
lipid composition have shown effectiveness in reducing viral
replication (Bocchetta et al., 2014; Munger et al., 2008; Rodgers
et al., 2012; Ye et al., 2003). Alterations in cholesterol metabolism
can also be induced by the host as a defense mechanism against
viral infections (Moser et al., 2012; Schoggins and Randall, 2013;
Seo et al., 2011).

The membrane-associated enzyme cholesterol 25-hydroxylase
(CH25H) is involved in cholesterol and lipid metabolism by
a).
catalyzing the formation of 25-hydroxycholesterol (25HC, oxy-
sterol) from cholesterol. Cellular cholesterol levels are regulated
through the activity of two transcription factors: the sterol regu-
latory element binding proteins (SREBPs) and the liver X receptors
(LXRs), which control multiple genes implicated in cholesterol
biosynthesis and uptake (Horton et al., 2002; Joseph et al., 2002).
Soluble oxysterols, such as 25HC, can regulate the activity of the
LXR/SREBP signaling pathway by reducing cholesterol synthesis
and increasing its efflux and elimination (Accad and Farese, 1998;
Janowski et al., 1996; Radhakrishnan et al., 2007). In addition to
the well-known metabolic role of oxysterols, some recent publi-
cations have reported an antiviral state induced by 25HC against
numerous viruses affecting mammals (Anggakusuma et al., 2015;
Blanc et al., 2013; Cagno et al., 2017; Civra et al., 2014; Iwamoto
et al., 2014; Liu et al., 2013; Shrivastava-Ranjan et al., 2016; Xiang
et al., 2015). Interestingly, it was recently observed that herpes
simplex virus type 1 is able to reduce CH25H levels by degrading its
mRNA due to the endonuclease activity of the viral protein UL41
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(You et al., 2017).
Type I interferons (IFNs) are the main cytokines regulating the

antiviral innate immune response in vertebrates (Fensterl and Sen,
2009). IFNs induce the expression of a broad array of IFN-
stimulated genes (ISG), which encode for proteins with direct
antiviral activity, including inhibition of viral transcription, degra-
dation of viral RNA, inhibition of translation or modification of
protein function (Sadler and Williams, 2008). In addition, IFNs can
alter cellular metabolism at different levels in response to viral
infection (Fritsch and Weichhart, 2016). The murine Ch25h gene
belongs to the group of ISG (Park and Scott, 2010); however, con-
cerning the induction of human CH25H by IFNs, two recent publi-
cations showed conflicting results (Anggakusuma et al., 2015;
Xiang et al., 2015). Independently of CH25H induction by IFNs, the
expression of this gene is mediated, at least partially, by Toll-like
receptor (TLR) activation (Bauman et al., 2009; Diczfalusy et al.,
2009; Park and Scott, 2010).

There remains controversy about the immune mechanisms
induced by the oxysterol 25HC. Liu et al. (2013) concluded that
25HC inhibits many mammalian enveloped viruses, but not a few
non-enveloped viruses, by affecting viral entry through inhibition
of virus-cell membrane fusion. Other authors have suggested that
25HC blocks viral growth at the post-entry stage using diverse
mechanisms (Anggakusuma et al., 2015; Blanc et al., 2013; Cagno
et al., 2017; Shrivastava-Ranjan et al., 2016; Tani et al., 2016;
Xiang et al., 2015), and the antiviral effect of 25HC was also
extended to certain non-enveloped viruses (Civra et al., 2014).
Therefore, 25HC can be effective against specific viruses, but not
against others, and it is unclear if a multiplicity of functions could
be attributed to 25HC depending on the virus and the cellular state.
It has also been reported that 25HC canmodulate the immune state
of the host at different levels (Cyster et al., 2014; Fessler, 2016).
These effects include the suppression of immunoglobulin A (IgA)
production by B lymphocytes (Bauman et al., 2009), the differen-
tiation of monocytes into macrophages and activation of phago-
cytosis (Ecker et al., 2010), the modulation of inflammation (Cagno
et al., 2017; Gold et al., 2014; Reboldi et al., 2014) and immune cell
migration (Hannedouche et al., 2011; Liu et al., 2011; Yi et al., 2012).

In this work, the complete repertoire of ch25h genes was
analyzed in the teleost model species zebrafish (Danio rerio).
Constitutive expression of the ch25h genes in different tissues, as
well as their induction after treatment with LPS or PolyI:C and
infection with SVCV, were analyzed. Only ch25hb (ch25h localized
to chromosome 12), which appears to be the homolog to
mammalian CH25H gene, was significantly overexpressed by the
tested immune stimuli, and this induction was IFN-independent.
In vivo overexpression of ch25hb reduced the mortality of zebra-
fish larvae after SVCV infection. Finally, in vitro experiments in the
zebrafish cell line ZF4 showed that 25HC induces an antiviral state
that reduces SVCV replication. This work shows for the first time
that 25HC possesses antiviral activity against a non-mammalian
virus in a non-mammalian species.

2. Materials and methods

2.1. Gene organization and phylogenetic analysis of zebrafish ch25h
genes

The ch25h genes were searched in the Danio rerio full genome
(GRCz10 assembly) (http://www.ensembl.org/Danio_rerio/Info/
Index?db¼core). Synteny conservation of ch25h genes between
zebrafish, several teleost species and Homo sapiens was analyzed
using Genomicus v83.01 (http://www.genomicus.biologie.ens.fr/
genomicus-83.01/cgi-bin/search.pl).

The presence of specific domains in the encoded proteins was
determined with SMART 4.0 (http://smart.embl.de/) (Letunic et al.,
2015) to search sequences for SMARTand Pfam (Sonnhammer et al.,
1998) domain sets using the HMMER package (Eddy et al., 1995).

For phylogenetic analysis, CH25H protein sequences from
representative vertebrate species were retrieved from GenBank
and ENSEMBL (www.ensembl.org). The MAFFT online server was
used to generate a starting alignment following the E-INS-i strategy
(Katoh et al., 2005), which was pruned using Gblocks server 0.91b
(Talavera and Castresana, 2007). The best-fitting amino acid
replacement model (JTT in this case) was determined using Prot-
Test 3.2 (Darriba et al., 2011) based on the Akaike Information
Criterion (AIC) (Akaike, 1974). Finally, the maximum likelihood
gene tree was estimated with PhyML 3.0 (Guindon et al., 2010) and
represented in FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/
figtree/). Nodal confidence was calculated and represented using
the aLRT method (Anisimova and Gascuel, 2006).

Sequence identity and similarity scores were calculatedwith the
software MatGAT (Campanella et al., 2003) using the BLOSUM62
matrix.
2.2. Fish, virus, cell lines

Adults, embryos and larvae from wild-type zebrafish were ob-
tained from our experimental facility, where zebrafish are main-
tained following established protocols (Nusslein-Volhard and
Dahm, 2002; Westerfield, 2000) (see http://zfin.org/zf_info/
zfbook/zfbk.html). Zebrafish were euthanized using a Tricaine
methanesulfonate (MS-222) overdose (500 mg/l�1). For microin-
jection experiments, larvae were anesthetized by adding two drops
of a 0.05%MS-222 solution to a Petri plate with a volume of 10ml of
water. Fish care and challenge experiments were reviewed and
approved by the CSIC National Committee on Bioethics under
approval number ES360570202001/16/FUN01/PAT.05/tipoE/BNG.

The rhabdovirus Spring Viremia of Carp virus (SVCV isolate 56/
70) was propagated on Epithelioma Papulosum of Cyprinid (EPC)
cells (ATCC CRL-2872) and titrated in 96-well plates. The TCID50/ml
was calculated according to the Reed and Muench method (Reed
and Muench, 1938).

The fibroblastic-like cell line, ZF4, derived from 1-day-old
zebrafish embryos (ATCC CRL-2050) (Driever and Rangini, 1993)
was cultured in Dulbecco's modified Eagle's medium (DMEM/F12,
Gibco) supplemented with 100 mg/ml of primocin (InvivoGen) and
10% fetal bovine serum (FBS) at 26 �C. Human HEK-293 cells (ATCC
CRL-1573) (Anisimova and Gascuel, 2006) were grown in Eagle's
Minimum Essential Medium (Gibco) supplemented with 100 mg/ml
primocin (InvivoGen), 1� non-essential amino acids (Gibco), 1 mM
sodium pyruvate (Gibco) and 10% FBS. The cells were incubated in a
5% CO2 atmosphere at 37 �C.
2.3. Plasmid constructions

Zebrafish type I interferon (IFNF) ifnphi1, ifnphi2 and ifnphi3
(GenBank accession numbers: NM207640, NC007114 and
NC007114, respectively) expression constructs in the pcDNA3.1
backbone were kindly provided by Dr. Mulero (University of Mur-
cia, Spain).

The ch25hb gene was amplified using touchdown PCR (primers
in Supplementary Table 1), and the PCR product was cloned using
the pcDNA 3.1/V5-His TOPO TA Expression Kit (Invitrogen), but the
epitope V5 and the polyhistidine (6xHis) tag were not included.
One Shot TOP10F competent cells (Invitrogen) were transformed to
generate the plasmid construct (pcDNA 3.1-ch25hb). Plasmid pu-
rifications were conducted using the PureLink HiPure Plasmid
Midiprep Kit (Invitrogen).
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2.4. Reagents

25-hydroxycholesterol (25HC), 22(R)-hydroxycholesterol (22(R)
HC), cholesterol, LPS and PolyI:C were purchased from Sigma (ref-
erences H1015, H9384, C8667, L2630 and P9582, respectively).

2.5. Constitutive expression of ch25h genes

The expression of ch25h genes under basal conditions was
analyzed in different tissues from adult zebrafish. Spleen, liver,
kidney, gill and intestine were sampled and pooled, yielding a total
of 4 pools of 5 fish per organ. Samples were stored at �80 �C until
RNA extraction.

2.6. Zebrafish stimulation with LPS, PolyI:C and SVCV

Adult (9 month) zebrafish were intraperitoneally injected with
10 ml of an SVCV suspension (3 � 106 TCID50/ml), and the corre-
sponding controls were injected with the same volume of viral
medium (Eagle's minimum essential medium supplemented with
2% fetal bovine serum, penicillin and streptomycin). The same
experiment was conducted using LPS (1 mg/ml in PBS;
SigmaeL2630) and PolyI:C (1 mg/ml in PBS; SigmaeP1530), and
the corresponding controls were injected with PBS. To analyze the
induction of ch25h transcripts by qPCR, kidneys were sampled from
anesthetized fish at 3, 6 and 24 h post-stimulation, and 4 biological
replicates (4 fish/replicate) per time point were obtained.

ZF4 cells were seeded on 24-well plates and, at 70e80%
confluence, the media was removed and replaced by
DMEM þ Primocin þ 2% FBS containing LPS (50 mg/ml), PolyI:C
(50 mg/ml) or SVCV (5 � 104 TCID50/ml). Non-treated control wells
were also included. The plates were incubated at 27 �C and ZF4 cells
were sampled at 3, 6 and 24 h post-stimulation (3 biological rep-
licates per time point).

2.7. Type I IFN in vitro and in vivo assays

To elucidate whether ch25hb is an interferon-stimulated gene
(ISG) as in mammals, ZF4 cells (2 � 106 cells) were transfected with
15 mg of the expression plasmids pcDNA3.1-ifnphi1, pcDNA3.1-ifn-
phi2 or pcDNA3.1-ifnphi3 or the corresponding control vector
(pcDNA3.1). Plasmid transfections were carried out using the
Neon® Transfection System (Invitrogen) (settings: 1400 V, 20 ms
and one electric pulse). Electroporated cells were resuspended in
6 ml of RPMI-1640 Dutch modified (Gibco) medium containing 10%
FBS and seeded on 6-well plates (2 wells/treatment). After 72 h, ZF4
cells were collected and stored at �80 �C until RNA isolation.

Supernatant enriched in recombinant zebrafish Ifnphi was
produced by transfection of 6 mg the plasmids into HEK-293 cells at
70e80% confluence using the X-tremeGENE HP DNA Transfection
Reagent (Roche) according to the manufacturer's instructions. As a
control, HEK-293 cells were transfected with the empty plasmid.
Forty-eight h after transfection, the supernatants were collected
and stored at �80 �C until use. Kidneys from adult zebrafish were
aseptically removed and homogenized through a 100-mm mesh,
and the mixture was adjusted to the required concentration
(1.5 � 106 cells/ml) in Leibovitz L-15 medium (Gibco) supple-
mented with 100 mg/ml of Primocin (InvivoGen) and 2% FBS and
maintained at 26 �C. Kidney primary cells were seeded into 24-well
plates at 1 ml per well, and 50 ml of the supernatants containing the
recombinant Ifnphi were added to different wells (three wells/
treatment). After 4 h of stimulationwith the supernatants, the cells
were collected for analysis.

The last experiment for confirming that zebrafish ch25hb is not
induced by type I IFNs was conducted in vivo. The recombinant
plasmid pcDNA 3.1-ifnphi1 and the corresponding control (pcDNA
3.1) were microinjected into one-cell stage zebrafish embryos with
a glass microneedle using Narishige MN-151micromanipulator and
Narishige IM-30 microinjector. Zebrafish embryos were micro-
injected with 100 pg/egg (final volume of 2 nl, diluted in PBS) of the
recombinant or the empty plasmid. Three days after plasmid
infection (3 dpf larvae), three biological replicates of 10 larvae were
collected for each treatment.

2.8. Overexpression of ch25hb and protection against SVCV

The pcDNA3.1-ch25hb plasmid and the corresponding control
(pcDNA3.1) were microinjected into one-cell stage zebrafish em-
bryos as mentioned above. Embryos were microinjected with 150
pg/egg (final volume of 2 nl, diluted in PBS) of plasmids. Three days
after plasmid injections (3 dpf larvae), half of the larvae from each
treatment were infected into the duct of Cuvier with 2 nl of an SVCV
suspension (5 � 104 TCID50/ml), and the other half were inoculated
with the same volume of PBS. Mortality was assessed during the
next three days post-infection (dpi) using three biological repli-
cates composed of 10 larvae each. Samples were also taken after 9 h
(5 biological replicates, 10 larvae/replicate) in order to analyze
expression of the ch25hb gene in non-infected larvae, the viral
proliferation in infected larvae, and modulation of the
inflammation-related genes interleukin 6 (il6), interleukin 1 beta
(il1b) and tumor necrosis factor alpha (tnfa), and the ISGs myxovirus
resistance protein 1 (mxa), Interferon-stimulated gene 15 (isg15) and
interferon induced protein with tetratricopeptide repeats 17.1
(ifit17.1). The primer pairs are listed in Supplementary Table 1.

2.9. Treatment of zebrafish larvae with 25-hydroxycholesterol
(25HC)

Zebrafish larvae (2 dpf) were pre-treated with 25HC (50 mg/ml)
and 1.25% of the vehicle (ethanol). Control larvae were maintained
in 1.25% of ethanol. After 24 h, half of the larvae from each treat-
ment were infected into the duct of Cuvier with 2 nl of an SVCV
suspension (5 � 104 TCID50/ml), and the other half were inoculated
with the same volume of PBS. Mortality was assessed during the
next three dpi using three biological replicates composed of 10
larvae each. Samples were also taken after 9 h (5 biological repli-
cates, 10 larvae/replicate) in order to analyze the viral proliferation
in infected larvae.

2.10. Treatment of ZF4 cells with different doses of 25HC

ZF4 cells were seeded on 96-well plates and, at 70e80%
confluence, the media was removed and replaced by
DMEMþ Primocinþ 2% FBS containing different concentrations (0,
10, 25 and 50 mg/ml) of the oxysterol 25HC and 2.5% of the vehicle
(ethanol). After incubation for 20 h at 27 �C, the treatments were
removed, the cells were washed twice with PBS and seven 10-fold
serial dilutions of SVCV (higher concentration: 1.5� 105 TCID50/ml)
in DMEM þ Primocin þ 2% FBS were used for viral titration in
triplicate, following the Reed and Muench method (Reed and
Muench, 1938). Non-infected controls were also included. To
obtain repetitive results, this experiment was conducted three
times. Microscopy images were captured (10� magnification) at 3
dpi with SVCV (1.5 � 103 TCID50/ml) using a Nikon Eclipse TS100
inverted microscope.

2.11. Treatment of ZF4 cells with 25HC, 22(R)HC and cholesterol

ZF4 cells were seeded and maintained as mentioned above.
Three experimental procedures were performed using 25HC, 22(R)



Fig. 1. Synteny analysis of zebrafish ch25h genes (red color). Five genes were identified in the zebrafish genome, located on chromosomes 5, 12, 18e2 genes e and 21. The ch25hb
gene showed synteny conservation with the human CH25H gene located on chromosome 10. This gene is located very close, both in humans and teleosts, to members of the IFIT
gene family, a group of interferon-stimulated genes (ISGs). The other D. rerio ch25h genes also showed a high degree of synteny conservation with other duplicated ch25h genes in
teleosts.
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HC and cholesterol. The experimental designs are graphically rep-
resented in Supplementary Fig. 1. In experiment A, ZF4 cell
monolayers were pre-treated with 25 mg/ml of 25-HC, 22(R)HC or
cholesterol in 2.5% ethanol and then infected with seven 10-fold
serial dilutions of SVCV (first concentration: 1.5 � 106 TCID50/ml).
In experiment B, the cells were pre-incubated with seven 10-fold
serial dilutions of SVCV for 2 h, and 25 mg/ml of oxysterols/
cholesterol in 2.5% ethanol was then added. Finally, in experiment
C, SVCV (1.5 � 106 TCID50/ml) was pre-incubated with 25 mg/ml of
oxysterols/cholesterol in 2.5% ethanol for 1 h at 27 �C andmoderate
agitation; then, 10-fold serial dilutions of this mixture were added
to the cells. Viral titration was performed following the Reed and
Muench method (Reed and Muench, 1938).

24-well plates were also seeded with ZF4 cells, and the condi-
tions for the third SVCV dilution (1.5 � 103 TCID50/ml) in the three
experiments were replicated. At 24 h post-infection, the media was
removed, the cells were washed twice with PBS, RNA was isolated
(5 biological replicates) and qPCR was performed for detection of
the SVCV N gene. In addition, expression of inflammation-related
genes (il6, il1b, tnfa) and ISGs (mxa, isg15, ifit17.1) was also
analyzed in the 25HC-treated cells.
Fig. 2. Comparative analysis of the CH25H proteins. (A) The presence of specific domains w
hydroxylase domain (grey color). With the exception of Ch25ha, in which four transmembr
domains, as occurs in humans (blue color). (B) A phylogenetic tree reflecting the evolutionar
ancient zebrafish Ch25h. (C) An identity/similarity matrix among D. rerio Ch25h proteins a
Ch25hb showed the highest similarity (white) and identity (gray) values with the mamma
2.12. RNA isolation, cDNA synthesis and gene expression analysis

Total RNA isolation was performed using the Maxwell 16 LEV
Simply RNA Tissue Kit (Promega, Madison, WI, USA) according to
the manufacturer's instructions. cDNA synthesis was performed
with SuperScript II Reverse Transcriptase (Invitrogen) using 0.5 mg
of RNA. Specific qPCR primers were designed using the Primer3
program (Rozen and Skaletsky, 2000), and their amplification ef-
ficiency was calculated using seven serial two-fold dilutions of
cDNA from unstimulated zebrafish with the Threshold Cycle (CT)
slope method (Pfaffl, 2001). The primer sequences are listed in
Supplementary Table 1 qPCR amplifications were performed as
previously described (Pereiro et al., 2015). The relative expression
level of the genes was normalized using the 18S ribosomal RNA as
reference gene following the Pfaffl method (Pfaffl, 2001).
2.13. Statistical analysis

Kaplan-Meier survival curves were analyzed with a log-Rank
(Mantel-Cox) test. Expression results were represented graphi-
cally as the means ± standard deviation of the biological replicates.
as determined with SMART 4.0. Zebrafish Ch25h proteins present the typical fatty acid
ane domains were predicted, the other zebrafish Ch25h showed three transmembrane
y relationships among vertebrate CH25H. The results indicate that Ch25hb is likely the
nd their mammalian counterparts was constructed using MatGat software. Zebrafish
lian proteins.
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To determine significant differences, data were analyzed with the
computer software package SPSS v.19.0 using Student's t-test or
one-way ANOVA with Tukey's post hoc test. Significant differences
were displayed as *** (0.0001 < p < 0.001), ** (0.001 < p < 0.01) or *
(0.01 < p < 0.05).
2.14. Docking analysis

The N, M1, P, Gtrimer and L polymerase protein sequences of SVCV
were modeled in silico from the corresponding 3D vesicular sto-
matitis virus (VSV) templates (RCSB data bank at http://www.rcsb.
org/pdb/home/home.do) by the SWISS-MODEL homology server
(https://swissmodel.expasy.org/interactive). The AutoDock Vina
(Trott and Olson, 2010) included in the program package PyRx
(Dallakyan and Olson, 2015) was used to study the predicted Gibbs
free energy of binding (DG), using X � Y � Z Å grids surrounding
each of the whole protein models. The Gibbs free energies were
then converted into predicted inhibition constants in M (Ki),
calculated by the formula Ki ¼ exp([DG � 1000]/[R � T])
(R ¼ 1.98 cal/mol, and T ¼ 298) (Shityakov and Forster, 2014). Vir-
tual screen performances were visualized by PyRx and PyMOL.
3. Results

3.1. Gene organization and phylogenetic analysis

At least five ch25h genes were discovered in the zebrafish
Fig. 3. Tissue expression pattern of D. rerio ch25h genes under basal conditions. (A) Norma
zebrafish. The relative expression level of each gene was normalized to the expression of the
deviation of 4 independent biological replicates. (B) Relative proportion (%) of the ch25h tr
genome distributed on four different chromosomes: one copy on
chromosomes 5, 12 and 21, and two copies on chromosome 18.
Following the zebrafish gene nomenclature guidelines, we adopted
the following gene names: ch25ha, ch25hb, ch25hc.1, ch25hc.2 and
ch25hd. The cloned coding sequences were submitted to GenBank
with the above-mentioned names under accession numbers
MF095413 through MF095417. A high degree of synteny conser-
vation was observed between D. rerio ch25h genes and their
orthologs in other teleost species (Fig. 1). Even in the case of
ch25hc.1 and ch25hc.2, two ortholog genes were also observed
positioned in tandem in other fish species, reflecting that these
genes are products of an independent duplication that occurred
early in the teleost lineage. In contrast, the mammalian genomes
only possess one copy of the cholesterol-25-hydroxylase gene. Only
the zebrafish ch25hb showed synteny conservation with its human
homolog, highlighting that this gene copy is probably the original
gene of the ch25h teleost repertoire.

The exon/intron organization of the zebrafish ch25h genes was
also analyzed. Only ch25ha possesses an intron (>3000 bp),
whereas the other four genes are intronless, as in mammals. This
gene family encodes proteins composed of 267, 251, 282, 276 and
279 amino acids. All zebrafish Ch25h proteins possess the charac-
teristic fatty acid hydroxylase domain and three transmembrane
domains (TMDs), with the exception of Ch25ha, which showed four
TMDs (Fig. 2A).

Consistent with synteny studies, the phylogenetic analysis of the
CH25H sequence in vertebrates revealed that the zebrafish ch25hb
lized expression of ch25h genes in the spleen, kidney, gill, liver and intestine of adult
18S ribosomal RNA gene in the same tissue. The graphs represent the means ± standard
anscripts in different zebrafish tissues.
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gene is the one consistent with the species evolution, while the
remaining zebrafish ortholog Ch25h sequences were grouped
together with other fish-specific proteins derived from gene du-
plications in external branches (Fig. 2B). A similarity/identity ma-
trix also reflected this higher homology of D. rerio Ch25hb with its
mammalian counterparts (Fig. 2C).

3.2. Basal expression pattern of zebrafish ch25h genes

The constitutive expression of the five ch25h genes was
analyzed in different tissues from healthy adult zebrafish (Fig. 3).
ch25ha, ch25hc.2 and ch25hd showed an identical pattern, being
highly expressed in the kidney followed by the gill, spleen, intestine
and liver; in the case of ch25hd, the difference between the kidney
and the other tissues was much higher (Fig. 3A). On the other hand,
ch25hb and ch25hc.1 were mainly expressed in the gill (Fig. 3A).

ch25hdwas the predominant transcript in the kidney (96% of the
total), liver (43%) and intestine (46%), but ch25hc.1 was the most
expressed in the spleen (38%) and gill (85%) (Fig. 3B). In contrast,
ch25hc.2 was the lowest expressed gene in the tested tissues.

3.3. Induction of different ch25h genes after immune stimulation

Three different immune stimulators (LPS, PolyI:C and SVCV)
were delivered by intraperitoneal injection in adult zebrafish.
Transcription of the ch25h repertoire was analyzed in the main
immune tissue in fish, the kidney, at different times after injection
(3, 6 and 24 h) (Fig. 4). While ch25hawas not affected by any of the
treatments, reductions in the transcription of ch25hc.1, ch25hc.2
and ch25hd were observed with different stimuli. Only ch25hbwas
overexpressed following the three stimuli. LPS induced a moderate
and sustained overexpression of ch25hb at the tested times post-
challenge (fold changes eFCe: 3.6, 2.8 and 4.1). Whereas PolyI:C
induced a time-decreasing modulation (FC: 16.9, 6.2, 3.1), ch25hb
was only significantly modulated by SVCV 24 h after infection (FC:
17.3).

In ZF4 cells, the stimuli did not induce any significant difference
in the expression of ch25h genes compared to the controls
(Supplementary Fig. 2A). Under constitutive conditions, ch25hb
showed the highest transcription level in this cell type
(Supplementary Fig. 2B).
Fig. 4. ch25h gene modulation in the kidney of adult zebrafish at 3, 6 and 24 h after LPS,
expression of the 18S ribosomal RNA gene and expressed as the fold change with respect
means ± standard deviation of 4 independent biological replicates. Significant differences a
3.4. Expression of ch25hb is not modulated by type I IFN treatment

Different experiments were conducted in order to elucidate
whether or not zebrafish ch25hb is an interferon-stimulated gene
(ISG), as previously reported in mammals.

The transfection of ZF4 cells with the expression plasmids
encoding zebrafish type I IFNs (pcDNA3.1-ifnphi1, pcDNA 3.1-ifn-
phi2, pcDNA 3.1-ifnphi3) revealed a significant induction of ISGs
(mxa and ifit17.1) after 72 h; this was in contrast to the transcription
of ch25hb, which was not affected (Fig. 5A). On the other hand, the
conditioned supernatants from HEK-293 cells transfected with the
corresponding IFN-coding plasmids induced the expression of
zebrafish interferon-induced proteins with tetratricopeptide repeats
(ifit) in kidney primary cell cultures 4 h post-stimulation, as was
previously reported (data not shown) (Varela et al., 2014). In
contrast, using these same samples, ch25hb was not modulated by
recombinant IFNs (Fig. 5B). Finally, the microinjection of pcDNA3.1-
ifnphi1 into one-cell stage zebrafish embryos revealed a significant
induction ofmxa and ifit17.1 in the resulting larvae after 3 days, but
ch25hb transcription was unaffected (Fig. 5C). Together, these re-
sults show that zebrafish ch25hb is notmodulated by zebrafish type
I IFNs and therefore is not an ISG.
3.5. ch25hb overexpression reduces the mortality and viral
replication after an SVCV challenge

Zebrafish embryos were microinjected with an expression
plasmid construction containing the ch25hb gene (pcDNA3.1-
ch25hb) or with the corresponding empty plasmid (pcDNA3.1) as a
control. The efficiency of the plasmid was determined by analyzing
the correct transcription of the ch25hb gene three days after in-
jection. A 127-fold increase in ch25hb transcript levels was detected
compared to the larvae injected with the empty plasmid (Fig. 6A).
At 3 days post-fertilization (dpf), larvae were challenged with SVCV
or PBS (negative control) microinjection into the duct of Cuvier in
order to induce a systemic infection. Differences in the viral repli-
cationwere analyzed by detecting the SVCV nucleoprotein (N) gene
9 h post-infection (hpi). A significant reduction in the detection of
the N gene was observed in those larvae previously microinjected
with pcDNA3.1-ch25hb compared to the individuals receiving the
empty plasmid (Fig. 6B). Mortality recorded during the next three
PolyI:C or SVCV challenge. The expression level of each gene was normalized to the
to the levels detected in the control group (PBS-injected). The graphs represent the
re displayed as *** (0.0001 < p < 0.001), ** (0.001 < p < 0.01) or * (0.01 < p < 0.05).



Fig. 5. Effect of type I interferons on the induction of ch25hb. (A) The expression plasmids encoding zebrafish ifnphi1, ifnphi2 and ifnphi3were transfected into ZF4 cells. After 3 days, the expression of ch25hbwas analyzed. Whereas two
typical ISGs (mxa and ifit17.1) were found to be overexpressed after IFN stimulations, ch25hbwas not significantly affected. The relative expression level of each gene was normalized to the expression of the 18S ribosomal RNA gene. The
graphs represent the means ± standard deviation of 2 biological replicates. (B) Recombinant zebrafish Ifnphi was produced in HEK-293 cells, and primary kidney cells were stimulated with this protein. The expression of ch25hb was
analyzed after 4 h, and any significant modulation was observed. These samples were previously used to analyze the expression of the zebrafish IFIT family, and significant overexpression of these ISGs was observed (Varela et al., 2014).
The relative expression level of ch25hb was normalized to the expression of the 18S ribosomal RNA gene. The graph represents the means ± standard deviation of 3 biological replicates. (C) One-cell stage zebrafish embryos were
microinjected with the expression plasmid encoding ifnphi1 or the corresponding empty plasmid. After 3 days, the expression of ch25hb was not significantly affected, whereas mxa and ifit17.1 were overexpressed. The relative
expression level of each gene was normalized to the expression of the 18S ribosomal RNA gene. The graphs represent the means ± standard deviation of 3 biological replicates. In the three cases, significant differences are displayed as ***
(0.0001 < p < 0.001), ** (0.001 < p < 0.01) or * (0.01 < p < 0.05).
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Fig. 6. In vivo ch25hb overexpression reduces the mortality rate after SVCV infection. (A) Expression of ch25hb in 3 dpf zebrafish larvae microinjected in one-cell stage embryos with
pcDNA3.1-ch25hb or the empty plasmid (pcDNA3.1). The expression level of ch25hb was normalized to the expression of the 18S ribosomal RNA gene and expressed as the fold
change with respect to the level detected in the control group (pcDNA3.1-injected). ch25hb was overexpressed 127-fold in the individuals receiving the expression plasmid. The
graph represents the means ± standard deviation of 5 independent biological replicates. (B) Detection of the SVCV nucleoprotein (N) gene 9 h post-infection in larvae previously
receiving the plasmid pcDNA3.1-ch25hb or pcDNA3.1. A significant reduction in viral detection was observed in individuals in which ch25hbwas overexpressed. The expression level
of N-SVCV was normalized to the expression of the 18S ribosomal RNA gene. The graph represents the means ± standard deviation of 5 independent biological replicates. (C) Kaplan-
Meier survival curves after infection with 2 nl of an SVCV solution in zebrafish larvae overexpressing or not ch25hb. Significant differences are displayed as *** (0.0001 < p < 0.001),
** (0.001 < p < 0.01) or * (0.01 < p < 0.05).
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days showed that the injection with the plasmid pcDNA3.1-ch25hb
increased the survival after SVCV infection (Fig. 6C). However,
zebrafish larvae exposed to 25HC prior to infection with SVCV did
not show significant differences in survival (Supplementary Fig. 3A)
and viral detection (Supplementary Fig. 3B) compared to non-
treated larvae.

Additionally, the expression of the inflammatory-related genes
il6, il1b and tnfa, and the ISGsmxa, isg15 and ifit17.1was analyzed by
quantitative PCR (qPCR) in the absence and presence of infection.
No significant differences were observed between the individuals
receiving the empty plasmid and those microinjected with the
expression plasmid pMCV1.4-ch25hb (Supplementary Fig. 4).

3.6. Reduction of SVCV replication by 25HC treatment

Different concentrations of 25HC were used to test its antiviral
effect after pre-incubation with ZF4 monolayers. Even the lower
dose of 25HC used (10 mg/ml) was able to induce a 0.78-logarithm
(log) reduction in virus titer, whereas 1-log was obtained for the
higher doses (Fig. 7A). Microscopy images taken 3 days post-
infection (dpi) showed a reduction of the cytopathic effect (CPE)
in those cells pre-incubated with 25 mg/ml 25HC (Fig. 7B).

The expression of il6, il1b, tnfa, mxa, isg15 and ifit17.1 was also
measured in non-treated and 25HC-treated ZF4 cells 24 h post-
infection. Only a significant reduction in the transcription of tnfa
was observed in those cells previously treated with 25HC in the
absence of infection (Supplementary Fig. 5). After SVCV infection,
ifit17.1 was significantly higher expressed in ZF4 cells previously
receiving 25HC compared to non-treated cells (Supplementary
Fig. 3).

For studying the specificity of the antiviral effect of 25HC, 22(R)-
hydroxycholesterol (22(R)HC) and cholesterol were also tested.
Three different types of experiments were performed: A) Pre-
incubation with oxysterols/cholesterol for 20 h followed by
washing and SVCV infection; B) Infection with SVCV for 2 h fol-
lowed by washing and treatment with oxysterols/cholesterol; C)
Pre-incubation of oxysterols/cholesterol with SVCV for 1 h followed
by addition of the mixtures to the cell monolayers. In experiment A,
the viral titer was reduced by 4-logs compared to the non-treated
control both with 25HC and 22(R)HC oxysterols, but no differ-
ences with the control were observed for the cholesterol treatment
(Fig. 8A). The level of the SVCV N gene at 24 h post-infection was
lower in those cells previously incubated with the oxysterols
(Fig. 8B). In experiment B, the viral titer was also reduced by 4-logs
with 25HC, whereas any CPE was observed in the ZF4 cells treated
with 22(R)HC (Fig. 8A); in both cases, the level of the SVCV N gene
was significantly reduced (Fig. 8B). In the last assay, experiment C, a
small reduction of 1-log was accompanied by lower SVCV N gene



Fig. 7. 25-hydroxycholesterol (25HC) reduces SVCV replication in the ZF4 cell line. (A) ZF4 cells were pre-incubated for 20 h with different concentrations of 25HC. Then, the cells
were infected with 1:10 serial dilutions of SVCV. Evolution of the CPE was checked every day, and the viral titer was calculated following the Reed and Muench method. A reduction
of 1-log in the viral titer was detected for the higher doses. (B) Microscopy images showing the state of the ZF4 cells at 3 days post-infection (SVCV: 1.5 � 103 TCID50/mL). An evident
protective effect of 25HC was observed.

Fig. 8. Antiviral effect of oxysterols against SVCV using different experimental approaches. In experiment A, ZF4 cells were pre-incubated for 20 h with 25 mg/ml of 25HC, 22(R)HC
or cholesterol before the infection. In experiment B, the cells were first infected with SVCV for 2 h, and the different treatments were then added. Finally, in experiment C, serial
dilutions of SVCV and oxysterols/cholesterol were pre-incubated for 1 h and then added to the cells. (A) Both 25HC and 22(R)HC induced a �1-log reduction in the viral titer in
experiment A and B. Nevertheless, in experiment C, only 25HC induced a �1-log reduction in the viral titer. Hashes (#) indicate viral titer reductions �1-log. (B) Detection of the
SVCV N gene in ZF4 cells 24 h post-infection in the conditions corresponding to the third viral dilution (1.5 � 103 TCID50/mL). Significant reductions in SVCV replication were
observed for 25HC and 22(R)HC in experiments A and B, whereas only 25HC reduced the viral load in experiment C. The expression level of N-SVCV was normalized to the
expression of the 18S ribosomal RNA gene. The graph represents the means ± standard deviation of 5 biological replicates. Significant differences are displayed as ***
(0.0001 < p < 0.001), ** (0.001 < p < 0.01) or * (0.01 < p < 0.05).
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levels only with 25HC (Fig. 8A and B). The absence of SVCV inhi-
bition by 22(R)HC and the moderate but significant effect of 25HC
in this last experiment suggest the probability of a direct interac-
tion between 25HC and the SVCV proteins.
3.7. Docking simulations of oxysterol/cholesterol-SVCV interactions

To explore the existence of potential interactions of the oxy-
sterols and cholesterol with SVCV, its N, M1, M2, G and L protein
virion sequences were in silicomodeled from the corresponding 3D
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vesicular stomatitis virus (VSV) templates (RCSB data bank at
http://www.rcsb.org/pdb/home/home.do) using the SWISS-
MODEL homology server (https://swissmodel.expasy.org/
interactive). The lowest values for the predicted docking in-
teractions were for the L polymerase (0.08e0.21 mM) compared to
the rest of the SVCV proteins (Fig. 9, lower table). The corre-
sponding binding sites on the L protein showed that, while 22(R)HC
and cholesterol were located on the external part (amino acids
1450e1455) of the connector domain (Liang et al., 2015), 25HC was
located on the internal methyltransferase domain (amino acid
stretches 1885e1900 and 1755e1760) (Fig. 9, upper figure). These
results suggest that, despite its lower binding energy, 22(R)HC and
cholesterol could be bound by the virions without inactivating
them, whereas 25HC could also inhibit the methylation of the RNA
by steric hindrance in addition to other mechanisms. This hy-
pothesis offers a possible explanation for the absence of SVCV in-
hibition when the virus is mixed with 22(R)HC and cholesterol
before infection (Fig. 8, experiment C). However, it is not yet known
whether this structural in silico prediction may be the definitive
explanation for the results obtained in vitro.

4. Discussion

Oxysterols are multifunctional molecules with a recently iden-
tified connection to antiviral immunity in mammals. 25HC, pro-
duced from cholesterol due to the activity of the enzyme CH25H, is
one of the most studied oxysterols in this sense, and its antiviral
activity has been reported against numerous viruses
(Anggakusuma et al., 2015; Blanc et al., 2013; Cagno et al., 2017;
Civra et al., 2014; Liu et al., 2013; Shrivastava-Ranjan et al., 2016;
Tani et al., 2016; Xiang et al., 2015). In this work, we characterized
the repertoire of ch25h genes in the zebrafish animal model. Fish
Fig. 9. Docking simulations of oxysterol/cholesterol with SVCV protein 3D models. The 22
(amino acids 1450e1455) into the L connector domain (44), while 25HC was located in the
Red, predicted a-helixes. Yellow, predicted b-sheets. Solid blue, oxysterol/cholesterol molec
homologs of mammalian genes are usually duplicated through its
genome due to fish-specific, additional genome duplication (3R)
that is hypothesized to have occurred 350 million years ago (Meyer
and Van de Peer, 2005) in the teleost lineage. Consequently,
numerous copies of ch25h are present in the zebrafish genome,
whereas only one copy exists in mammals. Among the five zebra-
fish ch25h genes, the one on chromosome 12, ch25hb, appears to be
the true homolog to the mammalian CH25H gene, as evidenced by
synteny, phylogenetic and identity/similarity analyses.

These five genes showed differential tissue expression profiles,
indicating that they likely evolved to acquire complementary or
specialized functions. Indeed, although ch25hb is not the most
expressed ch25h gene copy in the head kidney e the main immune
tissue in fish e it was the only gene copy that was found to be
significantly overexpressed in this tissue after LPS, PolyI:C or SVCV
administration. The induction of ch25hb by LPS administration was
previously observed in zebrafish larvae (Dios et al., 2014), similarly
to the Ch25h gene in mouse macrophages (Diczfalusy et al., 2009).
Modulation of this gene seems to be, at least in part, TLR-mediated
(Bauman et al., 2009; Diczfalusy et al., 2009; Park and Scott, 2010).
It is interesting to highlight that, in mammals, LPS is specifically
recognized by TLR4, but this gene is absent or is not sensitive to LPS
in teleosts, suggesting an alternative but unclear inflammatory
activation pathway in response to LPS (Forn-Cuní et al., 2017) that
leads to the ch25hb transcription modulation.

Ch25h has typically been described as an ISG in mammals
(Anggakusuma et al., 2015; Park and Scott, 2010), but a recent
publication reported that, whereas Ch25h is overexpressed after
IFN-beta treatment in murine bonemarrow-derived dendritic cells,
this is not observed in human hepatocytes after treatments with
IFN-alpha, IFN-beta, IFN-gamma or IFN-lambda; therefore, it seems
that Ch25h is not a typical ISG (Xiang et al., 2015). While the
(R)HC and cholesterol best bindings located on the external part of the L polymerase
internal methyltransferase domain (amino acid stretches 1885e1900 and 1755e1760).
ules bound to the SVCV protein models.

http://www.rcsb.org/pdb/home/home.do
https://swissmodel.expasy.org/interactive
https://swissmodel.expasy.org/interactive
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complete repertoire of zebrafish ch25h genes was not analyzed,
ch25hb induction is not mediated by type I IFN overexpression.
Therefore, the pathway inducing the transcription of this gene re-
mains to be elucidated. Interestingly, synteny analysis revealed that
ch25hb and the corresponding orthologs in other teleost species
and humans are located in tandemwithmembers of the IFIT family,
which belong to the group of ISGs (Varela et al., 2014). It is very
common that genes controlled by the same transcription factors
form tandem gene clusters in the genomes (Boldogk€oi, 2012),
although we cannot discard a loss of IFN-mediated activation dur-
ing the evolution of the different taxonomic groups. Although a
putative IFN-stimulated response element (ISRE) has been identi-
fied in the ch25hb promoter with the sequence AACTTTCAGTTTTCC,
this transcription element is located in a distal position from the
ATG start codon (�1821 bp upstream). It has been previously re-
ported that many distal ISREs are not functional (Ronni et al., 1998;
Rutherford et al., 1988; Shi et al., 2013; Williams, 1991).

As mentioned above, a broad antiviral activity of CH25H and its
product, 25HC, has been demonstrated in murine and human cells.
However, the exact mechanism providing this antiviral state is not
clear. The inhibition of viral entry (Liu et al., 2013) and post-entry
immune processes (Anggakusuma et al., 2015; Blanc et al., 2013;
Cagno et al., 2017; Shrivastava-Ranjan et al., 2016; Xiang et al.,
2015; Tani et al., 2016) were recently proposed. Across different
studies, the post-entry activity has been completely or partially
attributed to alterations of the mevalonate pathway (Blanc et al.,
2013), blockage of membranous web formation (Anggakusuma
et al., 2015), aberrant glycosylation of the viral glycoprotein
through unknown mechanisms or the induction of a pro-
inflammatory state (Cagno et al., 2017). Numerous immune ef-
fects are attributed to 25HC, including the suppression of the pro-
duction of IgA by B lymphocytes (Bauman et al., 2009), the
differentiation of monocytes to macrophages and phagocytosis
(Ecker et al., 2010), modulation of inflammation in different ways
(Cagno et al., 2017; Gold et al., 2014; Reboldi et al., 2014) and im-
mune cell migration (Hannedouche et al., 2011; Liu et al., 2011; Yi
et al., 2012). However, with the exception of Cagno et al. (2017),
who found that 25HC promotes the production of IL-6 after herpes
simplex-1 virus infection, the relationship of these immune
mechanisms with the antiviral activity of 25HC has not been re-
ported. Our results do not show any significant difference in the
expression of the inflammation-related genes il6, il1b and tnfa in
zebrafish larvae previously microinjected with pcDNA3.1-ch25hb,
although a slight but significant downregulation in the level of tnfa
was observed in ZF4 cells treated with 25HC. This is not the first
time that the levels/activity of TNF-alpha have been linked with
cholesterol-derived molecules or with cholesterol metabolism it-
self (Cohen-Lahav et al., 2006; Field et al., 2010; Fon Tacer et al.,
2007; 2010; Spillmann et al., 2014; Xu et al., 2012), and we
cannot rule out that this downregulation in tnfa transcription is
contributing to the antiviral state induced by 25HC. Contrasting
with the results obtained by Cagno et al. (2017), the levels of il6
were found to be downregulated after SVCV challenge in both
in vivo and in vitro experiments, and no effect due to ch25hb
overexpression or direct 25HC treatment was observed. In addition
to this, no significant differences were observed in the expression of
ISGs with the exception of ifit17.1, which was higher expressed after
SVCV challenge in ZF4 cells previously incubated with 25HC.
However, this could be due to the higher ability of the host to
mount an effective antiviral response as a consequence of the lower
viral load.

In this work, we demonstrate that overexpression of the enzyme
Ch25hb reduces the mortality after SVCV infection in zebrafish
larvae, indicating that the CH25H antiviral role is conserved in
teleosts. However, probably due to low incorporation of the
product, the 25HC did not present this activity. Nevertheless,
in vitro assays in ZF4 cells using the oxysterols 25HC and 22(R)HC
reflected the antiviral effect of both oxysterols. Although the
reduction of virus replication was higher using 22(R)HC in some
cases, this oxysterol was ineffective when SVCV was pre-incubated
with the oxysterol. Nevertheless, 25HC was able to reduce the viral
titer by 1-log and significantly reduce the SVCV detection 24 h post-
infection when SVCV was pre-incubated with 25HC, albeit with a
lower viral inhibition compared to the other in vitro experiments.
Therefore, we cannot discard a direct effect of 25HC on viral
viability, which was not observed for 22(R)HC. Shrivastava-Ranjan
et al. (2016) provided evidence that 25HC inhibits glycosylation of
the Lassa virus (LASV) glycoprotein; as consequence, its infectivity
is reduced. Although these authors proposed that Golgi-complex
and trans-Golgi network-associated glycosylases and/or man-
nosidases involved in glycoprotein maturation might be affected by
25HC (Shrivastava-Ranjan et al., 2016), a direct interaction of 25HC
with the viral proteins could be occurring. Taking this into
consideration, docking simulations were conducted in order to
analyze the potential interactions between the oxysterols and
cholesterol with the SVCV proteins. The results indicate that the
potential binding site of 25HC with the L protein could be affecting
the correct methylation of the viral RNA. In conclusion, antiviral
activity of both 25HC and 22(R)HC against SVCV was observed
when the oxysterols were added before or after infection, sug-
gesting an inhibitory activity unrelated to direct interaction with
SVCV virions. However, a direct interaction of 25HC or 22(R)HC
with the virions, resulting in the presence or absence of an antiviral
effect, respectively, cannot be excluded.

5. Conclusions

Five ch25h genes were identified in the zebrafish genome, which
showed differential tissue expression profiles and modulation
abilities after LPS, PolyI:C and SVCV challenges. Only ch25hb, the
putative homolog of mammalian Ch25h, was significantly overex-
pressed after the intraperitoneal injection of the three stimuli.
Nevertheless, our studies revealed that this induction is indepen-
dent of type I IFNs. The overexpression of ch25hb in zebrafish larvae
significantly reduced the SVCV replication and mortality during a
systemic infection. Moreover, the oxysterol 25HC reduced the viral
titer in ZF4 cells using different experimental approaches, and a
direct effect of 25HC in the virion infectivity cannot be discarded.
Further investigation is needed in order to fully elucidate this
aspect.
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