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A B S T R A C T

This work explores the unexpected in vivo and in vitro anti-viral functions of the seven c-reactive protein (crp1-7)
genes of zebrafish (Danio rerio). First results showed heterogeneous crp1-7 transcript levels in healthy wild-type
zebrafish tissues and organs and how those levels heterogeneously changed not only after bacterial but also after
viral infections, including those in adaptive immunity-deficient rag1−/− mutants. As shown by microarray
hybridization and proteomic techniques, crp2/CRP2 and crp5/CRP5 transcripts/proteins were among the most
modulated during in vivo viral infection situations including the highest responses in the absence of adaptive
immunity. In contrast crp1/CRP1/and crp7/CRP7 very often remained unmodulated. All evidences suggested
that zebrafish crp2-6/CRP2-6 may have in vivo anti-viral activities in addition to their well known anti-bacterial
and/or physiological functions in mammalians. Confirming those expectations, in vitro neutralization and in vivo
protection against spring viremia carp virus (SVCV) infections were demonstrated by crp2-6/CRP2-6 using crp1-7
transfected and/or CRP1-7-enriched supernatant-treated fish cells and crp2-5-injected one-cell stage embryo
eggs, respectively. All these findings discovered a crp1-7/CRP1-7 primitive anti-viral functional diversity.These
findings may help to study similar functions on the one-gene-coded human CRP, which is widely used as a
clinical biomarker for bacterial infections, tissue inflammation and coronary heart diseases.

1. Introduction

Widely used as a general biomarker for bacterial infection and in-
flammation during many decades, circulating human pentameric CRP
(pCRP) has been found recently within atherosclerotic lesions and
might be used as a new biomarker for cardiovascular diseases
(Shrivastava et al., 2015). Correlation between infections and cardio-
vascular heart diseases has been demonstrated not only for bacteria but
also for several viral infections (Adinolfi et al., 2014; McKibben et al.,
2016; Voulgaris and Sevastianos, 2016; Wu et al., 2016). Furthermore,
although pCRP was initially discovered during acute-phase responses to
bacterial infections increasing their circulating levels from < 10
to > 500 mg/l, intermediate concentrations of 10–50 mg/l were also
detected during viral infections (Shah et al., 2015), suggesting that
pCRP may have also anti-viral function(s). At this respect, viral infec-
tions induce human interferon alpha that represses the crp promoter,
suggesting also pCRP antiviral effects (Enocsson et al., 2009). Never-
theless and despite pCRP being one of the most investigated risk bio-
marker molecule in the human cardiovascular field, and an important

component of the anti-bacterial innate responses (Vilahur and
Badimon, 2015), to our knowledge, there is no evidence yet that pCRP
has any antiviral function.

In contrast to the one-gene crp of humans, zebrafish (Danio rerio) has
7 crp genes, from crp1 to crp7 (here simplified as crp1-7 or CRP1-7 for
their derived proteins). Amino acid variations among CRP1-7 proteins
were mostly found in both their Ca++-dependent phospholipid-binding
pocket and conformational-domain sequences (Bello et al., 2017; Chen
et al., 2015; Falco et al., 2012). By offering an easy-to-screen in vivo
system for novel therapeutic molecules, zebrafish supplies a suitable
model to explore CRP lipid-binding properties and conformation-de-
pendent functionalities related to cardiovascular heart diseases in-
cluding viral infections. Zebrafish is a well known model for heart de-
velopment and function (Genge et al., 2016; Lu et al., 2016; Pitto et al.,
2011) and a well known target for several fish rhabdoviruses (Encinas
et al., 2013; Estepa and Coll, 2015a; Garcia-Valtanen et al., 2017;
Varela et al., 2016). In this context, we have first explored crp1-7/
CRP1-7 transcript/protein levels during several zebrafish viral infection
situations and then designed several in vitro/in vivo strategies to explore
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crp1-7/CRP1-7 implication on viral infections.
Zebrafish CRP1-7 are made of protein monomers of ∼ 200 amino

acids (∼23 kDa)(Chen et al., 2015; Falco et al., 2012). According to its
proposed 3D structure, CRP5 is a trimeric Ca++-dependent phospho-
lipid-binding protein (tCRP) rather than a pentameric molecule (pCRP)
as in humans (Chen et al., 2015). It is not yet known whether all the rest
of zebrafish CRP isoforms are also trimeric (Bello et al., 2017) and/or
whether they all have similar functionalities than human pCRP. For
instance, although C1q (a known ligand of pCRP) have been identified
in zebrafish (Boshra et al., 2006), fish have only IgM and one class of
polymeric immunoglobulin receptor (PIGR)(Zhang et al., 2010) (other
IgG receptors bind C1q-pCRP complexes). There have been no reports
on interactions between CRP1-7 and zebrafish C1q or PIGR (Lu et al.,
2012). Therefore, the possible human analogous functions of the CRP1-
7 isoforms remain unknown.

Human and zebrafish CRPs showed a high degree of conservation,
including the location of their two cysteine residues, and similarities
between the amino acid sequences involved in their Ca++-dependent
ligand-binding pockets. Such conservation suggested similar functions
in human pCRP and zebrafish tCRPs (Bello et al., 2017; Chen et al.,
2015). On the other hand, the variations of amino acids around the
ligand-binding pockets of zebrafish CRPs, suggested different ligand-
binding specificities, which may be hypothetically explained by the
need to target a wide pathogen diversity such as that found in aquatic
environments (Bello et al., 2017). Previous preliminary data showing
modulation of zebrafish crp-pathways during viral infections (Estepa
and Coll, 2015a; Garcia-Valtanen et al., 2017) or trout crp upregulation
during oral vaccination against virus (Ballesteros et al., 2012), sug-
gested that zebrafish crp1-7/CRP1-7 may have some anti-viral activ-
ities. Because all the above mentioned reasons, we have further studied
possible relations between zebrafish individual crp1-7/CRP1-7 and viral
infections.

As zebrafish viral infection models we mainly chose two rhabdo-
viruses to which zebrafish is susceptible, the Spring Viremia Carp Virus
(SVCV) (Lopez-Munoz et al., 2010; Sanders et al., 2003), and the Viral
Haemorrhagic Septicemia Virus (VHSV) (Novoa et al., 2006). Rhab-
doviruses penetrate into the fish body via their fins (Harmache et al.,
2006). The progress of infection becomes externally associated with
exophthalmia, abdominal distension, and petechial haemorrhages in
fins and gills 3 to 6 days after penetration. A few days later, the most
important fish internal lymphoid organs such as head kidney and spleen
become also affected (Ahne et al., 2002; Ashraf et al., 2016). Mortalities
are highest ∼ 15 days after the beginning of infection (Encinas et al.,
2013; Encinas et al., 2010).

To detect possible variations on crp1-7/CRP1-7 expression, we have
explored several zebrafish infection situations. Thus, among the viral
infection situations chosen, short-term (infection) and long-term re-
sponses (survival) were studied after infection with VHSV (Encinas
et al., 2010; Estepa and Coll, 2015b) and SVCV (Encinas et al., 2013).
Bacterial infections were also studied because of the well known anti-
bacterial pCRP responses on humans (Kindmark, 1971). Since re-
sistance to viral infections in both fish and mammalians depends both
on innate and adaptive responses (i.e., neutralizing IgM antibodies in
fish and both IgM/IgG antibodies in mammalians), fish rely more
heavily in innate than in adaptive responses to fight viral infections
(Sunyer, 2013; Sunyer et al., 1998). To explore the importance of crp1-7
innate responses in the presence and absence of adaptive immunity, we
studied adaptive immunity-deficient zebrafish rag1−/− mutants, which
have no antibodies nor T-cell receptors and whose responses to viral
infections have been studied recently (Garcia-Valtanen et al., 2017).
Results showed heterogeneous crp1-7 transcriptional profiles in all the
above mentioned infection situations including higher responses in the
absence of adaptive immunity, all results suggesting heterogeneous
crp1-7 anti-viral responses. Confirming those expectations, in vitro
neutralization and in vivo protection of SVCV infection were found for
the first time to be induced by the different zebrafish crp1-7/CRP1-7

isoforms. In addition to its possible implications to prevent and/or to
treat human cardiovascular/viral diseases, this knowledge and future
studies on their mechanism(s) of action may help to understand pri-
mitive vertebrate CRP diversity and how it may have evolved to hu-
mans. It also could be applied to improve prevention methods for viral
infection in farmed fish.

2. Material and methods

2.1. Zebrafish (Danio rerio)

Adult XL wild type zebrafish of 700–900 mg of body weight (3–4 cm
in length) were obtained from a local pet shop (Aquarium Madrid,
Madrid, Spain). Zebrafish of 6 months of age (∼ 500 mg of body
weight) with truncated-inactivated recombinant activation gene
(rag1−/−) and their corresponding wild-type rag1+/+ counterparts
were originally obtained from David Raible’s fish facility at the
University of Washington (USA) and raised, maintained, and char-
acterized as described before (Garcia-Valtanen et al., 2017). Zebrafish
were maintained at 24–28 °C in 30 l aquaria with tap-dechlorinated
carbon-filtered water with 1 g of CaCl2, 1 g of NaHCO3 and 0.5 g of
Instant Ocean sea salts added to water resulting in a conductivity of
200–300 μS and pH of 7.8-8.2. The aquaria were provided with biolo-
gical filters and fish fed daily with a commercial feed diet (Vipan Bio-
Vip, Sera, Heisenberg, Germany). Previously to the viral infection
challenge, fish were acclimatized for 2 weeks to the corresponding
optimal viral replication temperatures.

2.2. Fish cell culture

The epithelioma papulosum cyprinid (EPC) cells from the fathead
minnow fish (Pimephales promelas) were obtained from the American
Type Culture Collection (ATCC, Manassas, Vi, USA, code number CRL-
2872). EPC cell monolayers were grown at 28 °C in a 5% CO2 atmo-
sphere in RPMI-1640 Dutch modified culture medium (Gibco, UK)
supplemented with 20 mM HEPES, 10% fetal bovine serum, FBS
(Sigma, St. Louis, USA), 1 mM piruvate, 2 mM glutamine, 50 μg/ml of
gentamicin (Gibco) and 2 μg/ml of fungizone.

2.3. In vitro infections with viral haemorrhagic septicemia virus (VHSV)
and spring viremia carp virus (SVCV)

The fish novirhabdovirus viral haemorrhagic septicemia virus
(VHSV) strain 07.71 (accession number AJ233396) isolated from
rainbow trout Oncorhynchus mykiss (LeBerre et al., 1977) and the
rhabdovirus Spring Viremia Carp Virus (SVCV) isolate 56/70 from carp
Cyprinus carpio (Fijan et al., 1971), recently renamed Carp Sprivivirus
(ICTV, 2015), were used for in vitro and in vivo infections. VHSV or
SVCV were replicated in EPC cell monolayers at 14 °C (Estepa and Coll,
2015a) or at 22 °C (Garcia-Valtanen et al., 2017), respectively, in the
cell culture media described above except for 2% FBS (infection media)
and absence of the CO2 atmosphere. Supernatants from VHSV or SVCV-
infected EPC cell monolayers were clarified by centrifugation at 4000 g
for 30 min and kept at −80 °C. In vitro viral infections were performed
by 2 h adsorption of the viral supernatants to the EPC cell monolayers,
followed by washing the unbound viruses with infection media and
incubation at their respective optimal replication temperatures during
24 h. The infected EPC cell monolayers were fixed and viral titers as-
sayed by the in vitro by the focus forming units (ffu) assay as described
before (Chinchilla et al., 2013b).

2.4. In vivo infections of adult zebrafish with VHSV, SVCV and bacteria

The procedures used for infecting zebrafish with VHSV or SVCV
viruses were described before. Briefly, zebrafish were acclimatized to
14 °C for VHSV infection or to 22 °C for SVCV infection during 2 weeks
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and infected for 2 h by bath immersion in cell culture supernatants
containing 107 ffu/ml of VHSV (Estepa and Coll, 2015a) or 104 ffu/ml
of SVCV(Garcia-Valtanen et al., 2017), respectively. Parallel, non-in-
fected zebrafish were mock-infected with cell culture medium to cal-
culate differential expression folds. Zebrafish infected at short times
with rhabdoviruses were euthanized 2-days after infection. Zebrafish
surviving rhabdovirus infections were euthanized 2 months after last
infection of 2 consecutive VHSV infections, (Estepa and Coll, 2015a) or
1 month after SVCV infection (Encinas et al., 2013). Zebrafish surviving
a chronic infection with Aeromonas hydrophila and Vibrio fluvialis as
identified by the Microbiological Service of the Fundación Hospital
Alarcon (Madrid Spain), were euthanized ∼ 5 months after the first
deaths were detected (Estepa and Coll, 2015a).

2.5. Harvest of lymphoid organs, fin tissues, and blood plasma from virally
infected zebrafish

For microarray and RTqPCR studies, head kidney and spleen (lym-
phoid organs) and/or fin tissues were harvested and pooled from 3
zebrafish for each biological replica. Harvested samples for microarray/
RTqPCR analysis were kept in RNAlater (Qiagen) at −70 °C until used.
For the proteomic studies, anesthetized zebrafish were bled by cutting
the final end of their tails. Blood was collected in 100 μl of sterilized
anticoagulant media (0.64 g sodium citrate, 0.15 g EDTA, 0.9 g sodium
chloride per 100 ml of water containing 50 mg per ml of gentamicin) at
4 °C. Diluted blood was immediately centrifuged at 1000 g for 3 min to
obtain plasma. Plasma were kept frozen at −70 °C until used.

2.6. Ethic statement on zebrafish handling

Zebrafish were handled following National and European guide-
lines. In addition, specific zebrafish protocols were locally approved by
the Ethics Committee (authorization CEEA 2011/022) following the
National Guidelines for type III experimentation (Annex X, permission
RD53/2013). All personnel implicated in the handling of zebrafish
obtained the special C National permission for training in animal ex-
perimentation. To record for health and behavior, the VHSV- or SVCV-
infected fish were daily monitored 2-4 times. To minimize suffering
(Huang et al., 2010), fish showing external haemorrhages and/or ab-
normal swimming behavior (endpoint criteria) were immediately eu-
thanized by immersion in iced water (5 parts ice/1 part water, 0−4 °C)
for 10 min and then exposed to an overdose of methanesulfonate 3-
aminobenzoic acid ethyl ester (MS222, 300 mg/l) for> 10 min after
cessation of opercular movement (“Guidelines for Use of Zebrafish in
the NIH Intramural Research Program”, http://oacu.od.nih.gov/ARAC/
documents/Zebrafish.pdf). No fish died before meeting the endpoint
criteria. MS222 at 90 mg/l was used to anesthetized the fish while
obtaining blood. The fish were then euthanized by an overdose of
MS222 to extract lymphoid organs and/or fin tissues.

2.7. RNA isolation from zebrafish tissues/organs and EPC cell monolayers

For RTqPCR tissues/organs analysis, RNA from different external
tissues (fin, gill, gut) and internal organs (muscle, head kidney, spleen,
liver) of healthy adult zebrafish were extracted and pooled from 4 in-
dividual zebrafish to obtain enough RNA. All tissues/organs were
carefully dissected under a binocular loupe for each individual zebra-
fish by trained personnel. Tissues were excised and pooled from dorsal,
ventral and caudal fins, while muscle was obtained from the tail part of
the body and washed in PBS to avoid possible contamination with in-
ternal organs. For microarray analysis, pooled head kidney and spleen
lymphoid organs or fins were pooled from 3-4 individual zebrafish for
each biological replica to obtain enough RNA for hybridization. The
pooled tissues/organs were immediately immersed in RNAlater
(Ambion, Austin, USA) and maintained at 4 °C for 24 h before being
frozen at−70 °C. RNA was extracted from sonicated samples (1 min x 3

times at 40 W in ice) using a commercial RNA isolation kit (RNeasy kit,
Qiagen, Hilden, Germany) following manufacturer’s instructions. For
RTqPCR of EPC cell cultures, RNA from the cell monolayers were si-
milarly extracted by the same RNeasy kit used above without the so-
nication step. Once purified, RNA concentrations were estimated by
Nanodrop absorbances at 260 nm. The presence of 18 and 28 S RNA
bands was confirmed by denatured RNA agar electrophoresis (Sigma,
Che.Co, MS, USA). Purified RNAs were stored at −70 °C until used.

2.8. Estimation of relative expression of crp1-7 transcripts by RTqPCR

The 7 crp loci coding for 7 CRP isoform proteins, first identified in
the CH211-234P6 linkage group 24 of the zebrafish (Danio rerio)
genome (Falco et al., 2012), were used to define the 7 crp1/CRP1 to
crp7/CRP7 (crp1-7/CRP1-7) transcript/protein isoform sequences and
their corresponding specific probes and primers (Table S1). Reverse
transcriptase quantitative polymerase chain reactions (RTqPCR) were
performed to estimate crp1-7 transcript levels. For that, one microgram
of purified RNA from each sample was converted to its corresponding
cDNA using RT from Moloney murine leukemia virus (Invitrogen) as
previously described (Falco et al., 2008). Quantitative PCR (qPCR) was
then performed using the ABI PRISM 7300 (Applied Biosystems, NJ,
USA) with SYBR Green PCR master mix (Life Technologies, United
Kingdom). Reactions were prepared in 20 μl volume with 2 μl of cDNA,
900 nM of each forward and reverse primers (Table S1) and 10 μL of
SYBR Green PCR master mix. Non-template controls were included for
each isoform analysis. The cycling conditions were 95 °C for 10 min,
followed by 40 cycles at 65 °C 1 min, 95 °C for 1 min. The relative gene
expression values were obtained using the 2−ΔΔCt method (Livak and
Schmittgen, 2001), by normalizing each crp gene expression value by
the formula, expression of each gene/expression of ef1a.

2.9. Microarray hybridization and differential expression data analysis

Oligo probes of 60-mer and 80 ± 3 °C of melting temperature,
specific for each of the zebrafish crp1-7 sequences were designed (Array
Designer 4.3, Premier Biosoft Palo Alto CA, USA) from the mRNA
GenBank data base accession number sequences listed in Table S1
(accessed in 2013) as previously described (Estepa and Coll, 2015a).
The crp1-7 oligo probes were included in the ID41401 and ID47562
home-designed immune-focused zebrafish microarray Agilentś versions
which were validated by RTqPCR in previous studies (Encinas et al.,
2013; Estepa and Coll, 2015a). Both microarray designs were deposited
also in the Gene Expression Omnibus (GEO) numbers GPL15747 and
GPL17670, respectively. Extracted RNA samples from zebrafish tissues/
organs were amplified and fluorescently labeled from 2 μg of high
quality RNA (50 μg/ml) and hybridized to the above described micro-
arrays by Nimgenetics (Cantoblanco, Madrid, Spain) as previously de-
scribed (Encinas et al., 2013; Estepa and Coll, 2015a). Because genes
previously classified as saps (Encinas et al., 2013) were recently iden-
tified as isoform variants of crp2 (sap1/sap2) or crp5 (sap/sapp) (Bello
et al., 2017), their similar microarray expression data were included
into the corresponding crp calculations. Raw data were normalized by
the sum of all microarray fluorescences and outliers removed as de-
scribed before in detail (Encinas et al., 2013; Estepa and Coll, 2015a).
Raw and normalized data were deposited at GEO's GSE57952 (VHSV-
infected and VHSV-/bacterial-survivor zebrafish), GSE58205 (SVCV-
infected wild type zebrafish) and GSE54096 (rag1-/- mutant zebrafish)
(Encinas et al., 2013; Estepa and Coll, 2015a; Garcia-Valtanen et al.,
2017). Results were expressed in differential expression folds calculated
by the formula detailed in each of the corresponding Figure legends
(Figs. 1–3).
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2.10. Proteomic analysis of CRP1-7 induced by SVCV infection in zebrafish
plasma

Adult zebrafish were infected with SVCV and their blood harvested
after 0, 24, 48 and 120 h (5-days). Blood was obtained from 3 biological
replicas for each time point, 3 fish pooled per replica (total amount of
fish = 36). Red blood cells were immediately removed by centrifuga-
tion at 3000 g for 10 min at 4 °C. The resulting plasma samples were
treated with 9 M urea, 2 M thiourea, 5% CHAPS (Dimethyl[3-(propyl].
azaniumyl] propane-1-sulfonate), 2 mM TCEP (Tris(2-carboxyethyl)
phosphine) and anti-protease cocktail (Sigma-Aldrich, St.Louis, Mi,
USA). The samples were then precipitated with methanol/chloroform,
quantified by the BCA assay (Pierce Protein Assay kit, Rockford, Il,
USA) and digested with trypsin. The resulting peptides were cleaned
using a StageTip-C18 column and 1 μg of each cleaned sample sepa-
rated by liquid chromatography (LC) in a C-18 column employing a
long gradient for elution to reduce hemoglobin-derived peptides. Mass
spectrophotometry (MS) was performed in a Triple-TOF 6600 (LC/LC-
MS/MS) Sciex apparatus (Framingham, MA, USA) at the Proteomic
Facilities at the “Centro Nacional de Biotecnologia” (CNB, Cantoblanco,
Madrid, Spain). The CRP1-7 protein accession numbers corresponding
to the peptide sequences obtained were identified using the MASCOT
search engine against the UNIPROT protein data base of zebrafish
(Danio rerio). Only those CRP identified with more than 2 different
peptides were considered for further analysis. Automatic CRP1-7
identifications were confirmed by manual comparison with sequences
derived from mRNA accession numbers and/or blast against mRNA-
derived protein sequence data banks. There were 1 to 5 UNIPROT ac-
cession numbers identified for each CRP isoform (Table S2) except for
CRP6. The number of peptides, spectra counts, and peptide probability
scores were used for quantitation of each of the CRP accession numbers
identified. The results were finally normalized by the number of ex-
pected peptides per CRP1-7 using the emPAI method (Ishihama et al.,
2005). Folds were then calculated by the formula, emPAI values of each
CRP accession number at different times/emPAI mean value of each
CRP accession number at time 0 (n = 3).

2.11. Preparation of pMCV1.4 plasmids coding for crp1-7

The pMCV1.4 plasmid was used for subcloning each of the crp1-7
genes (accession numbers in Table S1). The MCV1.4 promoter is a large
immediate early cytomegalovirus promoter which includes a synthetic

intron to increase expression efficiency (Rocha et al., 2005). To obtain
the plasmid constructs, the corresponding mRNA-derived crp1-7 se-
quences were flanked by HindIII and XhoI restriction sites chemically
synthesized, subcloned into pMCV1.4 and their resulting sequences
confirmed by sequencing both strands (Genscript, NJ, USA). The re-
sulting pMCV1.4-crp1-7 plasmid constructs were used to transform
E.coli DH5alpha by electroporation, amplified and isolated with the
Endofree Plasmid Midi purification Kit (Qiagen, Germany) according to
the manufacturer's instructions. Maximal concentrations of con-
taminating E.coli lipopolysaccharide (LPS) were estimated to be<
0.52 ng per 100 ng of purified plasmid according to the manufacturer.
Purified plasmid solutions were adjusted to 1 mg/ml of total DNA
(260 nm absorbances) which contained 80-100% of plasmid DNA, as
shown by agarose gel electrophoresis. Purified plasmids were stored at
−20 °C.

2.12. Transfection of EPC cell monolayers with pMCV1.4-crp1-7 and
infection with Spring Viremia Carp Virus (SVCV)

EPC cell monolayers in 96-well plates (50000 EPC cells per well) in
100 μl of cell culture medium were transfected with 100 ng of each of
the pMCV1.4-crp1-7 plasmids complexed with 0.3 μl of FuGENE HD
(Promega, Madison, WI, USA) for 24 h at 22 °C. Under these conditions,
the transfection efficiency as determined by the percentage of fluor-
escent cells after transfection with pMCV1.4-gfp varied between 15 to
30% (n = 3 experiments). After transfection, the cell culture medium
was removed, fresh medium added and 48 h later transcript expression
estimated by RTqPCR as described above. When appropriated, the
transfected EPC cell monolayers were infected with 50 focus forming
units (ffu) of SVCV per well in 100 μl (multiplicity of infection of 10−3)
and incubated for viral adsorption for 2 h. Then the virus remaining in
the supernatants were removed, fresh medium added and infected cell
monolayers incubated for 24 h.

2.13. SVCV neutralization of pMCV1.4-crp1-7 plasmid transfected EPC
cells or of CRP1-7-enriched supernatant-treated EPC cells

To study possible interference of CRP1-7 with SVCV replication in
EPC cell monolayers, 2 types of in vitromicro-neutralization assays were
performed. In the first type of assays, the EPC cell monolayers were
transfected with pMCV1.4-crp1-7 plasmids and 3-days later infected
with SVCV as described above. The transcript expression levels relative

Fig. 1. Upregulated (positive bars) and downregulated (negative bars)
crp1-7 transcript profiles from lymphoid organs from zebrafish in-
fected with VHSV (red) and surviving VHSV- (yellow) or bacterial-
(blue) infections.
Fluorescence was assayed after hybridization of transcript samples
from zebrafish organs to microarray crp1-7 probes. Raw and nor-
malized data were deposited in GEO's bank at GSE57952 (Estepa and
Coll, 2015a). Differential expression folds (upregulated genes) were
calculated by the formula, fluorescence of each gene from infected
fish/mean fluorescence of each gene from non (mock)-infected fish.
The same fold data were represented as the inverse folds and arbi-
trarily given a negative value (-1/folds) to best visualize the down-
regulated genes (duplicated representation). Using this type of du-
plicated representation, both positive (> 1.5 fold) and negative
(< 0.66 fold = 1/1.5 fold) bars appeared in the positive and negative
Y axes in the Figure. Outliers were removed and means and standard
deviations represented (n = 4 replicas, 3 fish pooled per replica, total
number of fish = 36). Only one of the ± standard deviations were
represented to increase clarity. *, folds significatively> 1.5 (+, po-
sitive upregulated values) or < 0.66 (-, negative downregulated va-
lues) thresholds at p< 0.05 (Student t-test). Red dashed horizontal
lines, 1.5- and 0.66-fold thresholds. Red hatched bars, 2-days after
VHSV infection (VHSV + ). Open yellow bars, 2-month VHSV-sur-
vivors (VHSVS). Hatched yellow bars, 2- days after VHSV re-infected
2-month VHSV-survivors (VHSVS + ). Blue bars, 5-month A. hydro-
phila- and V. fluvialis-survivors (BACS).
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to the ef1a gen expression after transfection and before infection were
similar for crp1-7 (Fig. S1 A). In the second type of assays, large
amounts of cell-free supernatants were obtained by transfecting EPC
cell monolayers in multiple 96-wells with pMCV1.4-crp1-7 and har-
vesting them 3-days later. Because Western blotting was not sensitive
enough to detect the CRP presence in the supernatants, to concentrate
CRP, 500 μl of supernatants had to be spotted onto each spot of the
nitrocellulose filters. The CRP content of the concentrated CRP1-7 were
estimated with anti-CRP rabbit antibodies raised against one of the
most conserved carboxy-terminal amino acid stretches among zebrafish
CRP1-7 (189DWDTIEYDVTGN) (GenScript, Piscataway, NJ, USA). To
reduce background, the anti-CRP antibodies contained in the rabbit
sera were purified by affinity chromatography on a mixture of
DWDTIEYDVTGNGGGGGGKK/KKGGGGGGDWDTIEYDVTGN peptides
coupled to CNBr-activated Sepharose. Affinity-purified anti-CRP anti-
bodies bound to the CRP-enriched supernatant samples were detected
with horseradish peroxidase labeled goat anti-rabbit immunoglobulins
and ECL (BioRad) (Fig. S1 B). Further details of the method are given in
Fig. S1 legend. To study the effects of CRP1-7-enriched supernatants,
100 μl were added to EPC cell monolayers for 24 h, washed, and
monolayers infected with SVCV as indicated above.

In both types of assays, the number of infected EPC cells was de-
termined by micro focus forming units (ffu) (n = 2 experiments) and
flow cytometry (n = 2 experiments). The number of ffu were estimated
by immunofluorescence of the fixed cell monolayers and staining with
polyclonal anti-SVCV (BioX Diagnostics SA, Jemelle, Belgium) and
rhodamine labeled goat anti mouse immunoglobulins (GAM-TRITC).
The results were then expressed as percentage of neutralization calcu-
lated by the formula, 100 − (number of infected cells in transfected or
treated EPC cells/number of infected cells in non-transfected or non-
treated EPC cells). Flow cytometry was performed by the high
throughput micro method (Chinchilla et al., 2013a). Briefly, SVCV-in-
fected cell monolayers were fixed with formaldehyde, permeabilized
with digitonine and stained with anti-SVCV (BioX Diagnostics SA, Je-
melle, Belgium) and GAM-FITC. EPC cell suspensions were then ob-
tained by trypsin digestion to be analyzed in a BD FACS Canto II ap-
paratus (Beckton Dickinson, San Agustin de Guadalix, Madrid, Spain)
provided with a high throughput sampler. The number of fluorescent
cells (SVCV-infected cells) over a threshold containing 95% (mean + 2
standard deviations) of non-infected EPC cells was first determined.
SVCV-infected cell monolayer controls in the absence of any treatment
showed 25-40% of the EPC cells were infected depending on the ex-
periment. The percentage of infected EPC cells was then calculated
using the formula: 100 x number of cells with fluorescences above the
threshold/total number of cells gated per well. The final results were
expressed in % of neutralization by the formula: 100 − 100 x percen-
tage of transfected or supernatant-treated and infected cells/percentage
of infected cells in control cells. Because no significant differences were
found between ffu and flow cytometry assays, their results were pooled
and means and standard deviations calculated (n = 4).

To study possible interferences in the neutralization assays caused
by E.coli LPS which could be contaminating the plasmids purified by the
Endofree Plasmid Midi purification Kit (Qiagen, Germany), LPS from
E.coli O55B5 and 0111:B4 strains (Sigma Che Co, St.Louis MS, USA)
were added at different concentrations (20–500 ng per well) to non-
transfected EPC cell monolayers. Those concentrations were higher
than the estimated amounts which may be present when transfecting
EPC cell monolayers with 100 ng of plasmids per well (< 0.52 ng per
100 ng of plasmid). The LPS-treated EPC cell monolayers were then
infected with SVCV and finally assayed for neutralization by ffu (Fig.
S2).

2.14. Injection of one-cell stage embryos with pMCV1.4-crp2-5 or
pMCV1.4-il6 plasmids and resistance of zebrafish larvae to SVCV infection
or induction of crp1-7 transcripts, respectively

To test for CRP1-7 induced resistance to SVCV, one-cell stage of
zebrafish embryos were microinjected with 2 nl of phosphate buffered
saline (PBS) containing 150 pg of pMCV1.4 plasmids coding for green
fluorescent protein (GFP) and CRP2-5, by following the methodology
described before (Pereiro et al., 2017). The microinjections were per-
formed with pulled glass microcapillary pipettes (WPI, USA) and a
Narishige IM-30 micromanipulator under an stereo microscope SMZ800
(Nikon). To study the effects of SVCV challenge, the resulting 3-day
hatched larvae were anesthetized and 12 larvae per group were mi-
croinjected into the duct of Cuvier to induce a systemic infection with 2
nl of PBS containing 104 pfu of SVCV or only PBS per larvae. Results at
each of the different times after infection were expressed in cumulative
survival calculated by the formula 100 − (100 x number of dead fish
injected with pMCV1.4-gfp or crps). A 64.5% mortality was obtained in
fish injected with the pMCV1.4-gfp control 7 days after infection. Ka-
plan-Meier cumulative survival curves were analyzed for statistical
significance with the log-Rank (Mantel-Cox) test (Mantel, 1966) by
comparing the survival of fish injected with pMCV1.4-crps to those of
pMCV1.4-gfp.

To test for the effects of IL6 on crp1-7 expression, one-cell stage
embryos were microinjected with 2 nl of PBS containing 150 pg of
pMCV1.4 or pMCV1.4-il6 plasmids as described above. Three-days later
the larvae were pooled (n = 4 groups of 3 pooled fish per group, total
number of larvae per group = 12), RNA extracted and crp1-7 transcript
levels evaluated by RTqPCR using the primers described in Table S1.
Results were expressed relative to ef1a expression as calculated by the
formula, 100 x crp1-7 expression per group/ef1a expression per group.
Means and standard deviations were represented.

2.15. Statistical analysis

Survival results represented by Kaplan-Meier survival curves were
analyzed for statistically significance by the log-Rank (Mantel-Cox) test
(Mantel, 1966) using the corresponding survival analysis feature of the
computer software package OriginPro 2017 (64 bit, sr1) by comparing
the survival of fish injected with pMCV1.4-crps to those of pMCV1.4-gfp,
following previous reports (Pereiro et al., 2017). Results of microarray
hybridization, RTqPCR and microneutralization were represented in
differential expression folds or percentage of neutralization as the
means ± standard deviation of n biological replicates. To determine
their significant differences, the corresponding data were analyzed with
OriginPro 2017 using Student's t-test. In the graphs, p< 0.05 sig-
nificant differences were displayed as *.

3. Results

3.1. Levels of crp1-7 transcripts were specific of tissues and organs in
healthy adult zebrafish

RNA from different external tissues (fin, gill, gut) and internal or-
gans (muscle, head kidney, spleen, liver) of healthy adult zebrafish was
extracted to investigate by RTqPCR the distribution of crp1-7 transcript
expression relative to the ef1a gene using specific primers (Table S1).
Results showed amplified products corresponding to an average of 45.2
relative expression units for the 7 tissues and crp1-7 isoforms. The crp4/
crp6 in gills (Table 1A) and crp3/crp5 in spleen (Table 1B) showed re-
lative expressions ∼3-6-fold higher (range from 124 to 293 relative
expression units) than the average, while the expression of crp3/crp5 in
gills, crp6 in gut, crp4 in spleen and crp2/crp3/crp4 in kidney were>
60 relative expression units (Table 1A, B in gray). On the contrary,
crp7 in all and crp1 in some (fin, gut, spleen, liver) tissues/organs
showed 10-50 lower expression levels than crp2-6. Each tissue/organ
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had a different distribution of constitutive crp1-7 expression levels
when expressed in percentage of their total expression (Table 1C). For
instance, crp5 was the most abundant in percentage in spleen and was
present at relatively high levels in most tissues/organs while crp2 was
most abundant in muscle/head kidney and crp6 in gut/gill/liver
(Table 1C). A similar tissue/organ specificity was already described in
common carp for its crp1-2 isoforms (Falco et al., 2012). The existence
of tissue-specific distribution of crp1-7 transcript levels suggested dif-
ferent functionalities among the 7 zebrafish CRP isoforms. Therefore, to
study whether or not the constitutive levels of crp1-7 transcripts in
healthy zebrafish tissues/organs may change after infection, head
kidney plus spleen (the most important lymphoid internal organs) and
fins (the easiest-to-obtain external tissue) were selected for further ex-
perimentation.

3.2. Zebrafish infected with VHSV or surviving VHSV/bacterial infections
showed heterogeneous changes in the differential expression of their crp1-7
transcripts in lymphoid organs

Hybridization values (fluorescent arbitrary units) and differential
expression folds (infected versus non-infected zebrafish) of crp1-7
transcripts from lymphoid organs were explored by microarray hy-
bridization using a unique home-designed platform which included 7
crp (crp1-7) specific probes (Table S1, Fig. 1).

In all the infection/survival situations studied, the hybridization
values varied from 1 to 30000 fluorescent arbitrary units. However,
while the crp2-6 values ranged from 1000 to 30000 units, all crp1 values
ranged from 1 to 50 and those of crp7 from 10 to 200 units (not shown).
Therefore, the constitutive expression levels of crp1/crp7 found in
healthy zebrafish tissues/organs (Table 1) remained low after viral or
bacterial infections when compared to the rest of crp2-6.

When expressed as differential expression folds, the results showed
that after VHSV-infection crp2/crp3/crp4/crp6 were upregulated (2-5-
fold), while crp1/crp5/crp7 remained unmodulated (Fig. 1, positive red

hatched bars). Similar results were obtained for bacterial survival, al-
though their corresponding upregulation levels were higher (Fig. 1,
positive blue bars). However, in bacterial survival, crp5 was also up-
regulated (Fig. 1, positive crp5 blue bar), suggesting that crp5 responses
may differentiate bacterial from viral infections. The upregulation of
zebrafish crp2-6 isoforms resembled that of human pCRP after bacterial
infection/survival (Kindmark, 1971). In conclusion, the profile of zeb-
rafish crp1-7 modulation was comparable between bacterial survival
and viral infections, except for crp5.

In contrast to viral infection and bacterial survival, fish surviving
VHSV infection (VHSV-survivors) resulted in downregulated levels of
crp2-6 (Fig. 1, negative yellow bars). The levels of crp1/crp 7 remained
unmodulated. After VHSV re-infection of the VHSV- survivors, the le-
vels of crp2/crp3/crp6 increased but still remained downregulated
(compare negative yellow empty with yellow hatched bars in Fig. 1).

3.3. Fins showed higher differential expression levels of crp2-6 than
lymphoid organs after SVCV-infection and in SVCV-survivors

The crp1-7 transcriptional profiles were comparatively studied in
internal lymphoid organs and external fin tissues. Differential expres-
sion folds showed that after SVCV-infection, only crp4/crp7 in internal
lymphoid organs were slightly upregulated (Fig. 2A, white hatched
bars), while in external fins, crp2/crp4/crp5 were upregulated, specially
crp5 (∼ 7-fold) (Fig. 2A, gray hatched bars). Similarly, in SVCV-survi-
vors, crp2/crp4/crp5 in lymphoid organs were slightly upregulated
(Fig. 2B, white hatched bars), while in fins, crp2-6 increased their up-
regulation, specially crp5 ( > 15-fold) (Fig. 2B, gray hatched bars).

3.4. Lymphoid organs from adaptive-deficient rag1−/− zebrafish mutants
showed high levels of differential expression of crp1-6 when infected with
SVCV

To explore any possible relation between crp and adaptive immunity

Table 1
Levels of crp1-7 transcripts in external tissues (A) and internal organs (B) of healthy adult zebrafish and their distribution in percentages (C).

Each of the total RNA from individual external tissues (A) or internal organs (B) from 4 adult zebrafish was RTqPCR amplified using the crp1-7 specific primers listed in Table S1. The
relative gene expression values were obtained using the 2−ΔΔCt method. Each crp1-7 gene expression value was normalized by the corresponding ef1a value by the formula, expression of
each gene/expression of ef1a. Means (bold) and standard deviations (sd) were represented in Tables A and B (n = 4). Gray boxes, crp relative expression levels> 60. *, crp relative
expression levels> 120. C, Pie crp1-7 distribution in percentages of the total crp expression in each tissue/organ. White pie, crp1. Green pie, crp2. Yellow pie, crp3. Dark-yellow pie,
crp4. Red pie, crp5. Blue pie, crp6. Gray pie, crp7.
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responses, the crp1-7 responses to viral infection (innate responses)
were studied in the absence of adaptive immunity (rag1−/− mutants)
and compared to wild type rag1+/+ mutants. In addition, crp1-7 tran-
scripts were analysed in lymphoid organs from zebrafish rag1−/−

mutants without (mock infected) and after infection with SVCV. Results
showed that compared to wild type rag1+/+, the crp1-6 were 5-20-fold
downregulated in rag1−/− mutants (Fig. 3, negative empty bars). In
sharp contrast, highly upregulated levels of crp1-6 appeared 2-days
after the rag1−/− mutants were infected with SVCV compared to mock-
infected rag1−/− mutants (Fig. 3, positive hatched bars), except for
crp4 which remained similarly downregulated in both cases (Fig. 3,

negative hatched bar). The crp2/crp5 showed the highest upregulated
levels (∼ 10 and 17-fold, respectively) in the absence of adaptive im-
munity.

3.5. Time course of CRP1-7 protein differential expression in zebrafish
plasma after SVCV infection

To compare crp1-7 transcript levels in lymphoid organs with CRP1-7
protein levels in blood after SVCV infection, we followed the time
course of different CRP UNIPROT accession numbers by double liquid
chromatography/mass spectrophotometry (LC/LC/MS/MS) in plasma
samples from SVCV-infected zebrafish. Because of the similarity of
amino acid sequences among zebrafish CRP1-7 isoforms (Bello et al.,
2017), the CRP1-7 identifications derived from the tryptic peptide
analysis should be taken with caution. For instance, some of the pep-
tides could not differentiate between CRP2/CRP3, some peptides were
common to CRP2 and CRP6, and no unique CRP6 peptides could be
detected. Despite those limitations, after 24 h, the number of accession
numbers and the differential expression folds were higher in several of
the CRP2/CRP5 than in CRP3/CRP4. After 48 h, only CRP2 showed one
higher fold than all the rest of CRPs which were similar or lower than
their levels at time 0 (fold = 1). After 120 h, all identified CRPs were
lower than their levels at time 0 (Fig. 4). The evolution of all CRP
plasma levels in zebrafish after SVCV infection were similar to those
reported in carp CRP after infection with herpesvirus (Pionnier et al.,
2014).

In conclusion, the crp2/CRP2 and crp5/CRP5 were among the most
important isoforms participating in zebrafish viral responses, as sug-
gested by most of the results obtained from the tissue/organ-specificity
of crp1-7 levels on healthy zebrafish (Table 1), the crp1-7 expression in
lymphoid organs of fish infected/surviving VHSV/bacterial infections
(Fig. 1), the comparative studies of crp1-7 transcripts from organs/fins
after SVCV infection (Fig. 2), the crp1-7 highest expression on adaptive-
deficient mutants infected with SVCV (Fig. 3) and the plasma levels of
CRP1-7 proteins after SVCV infection (Fig. 4). In contrast, crp1/CRP1
and crp7/CRP7 remained unmodulated in most of the infection situa-
tions mentioned above. On the other hand, since all those in vivo crp1-7/
CRP1-7 responses could be due to some interference with viral re-
plication, we next undertook a series of experiments focusing on neu-
tralization assays.

3.6. Fish cells transfected with pMCV1.4-crp1-7 or treated with CRP1-7-
enriched supernatants neutralized SVCV

To investigate possible interferences of zebrafish crp1-7/CRP1-7
with SVCV replication, crp1-7 mRNA sequences were cloned into the
pMCV1.4 eukaryotic expression plasmid. Micro-neutralization assays
for SVCV infection were then performed after using two complementary

Fig. 2. Upregulated (> 1 bars) and downregulated (< 1 bars)
crp1-7 transcript profiles from lymphoid organs and fins from
zebrafish infected with SVCV (A) or surviving SVCV infection (B).
Mean differential expression folds and standard deviations were
calculated as described in the legend of Fig. 1 and represented
only in positive folds. Only one of the ± standard deviations
were represented to increase clarity. Raw and normalized data
were deposited in GEO's bank at GSE58205 (Encinas et al., 2013).
*, folds significatively> 1 or<1 at p< 0.05 (Student t-test). A)
2-days after SVCV-infection (n = 3 replicas, 3 fish pooled per
replica). B) 1-month SVCV-survivors (n = 2 replicas, 3 fish
pooled per replica). The total number of fish was 15. Red dashed
horizontal line, fold = 1. Hatched white bars, lymphoid or-
gans. Hatched gray bars, fin tissues.

Fig. 3. Upregulated (positive bars) and downregulated (negative bars) crp1-7 transcript
profiles from lymphoid organs from rag1−/− mutants before and after SVCV infection.
Differential expression folds and standard deviations were calculated by the formula,
fluorescence of each gene from rag1−/− mutant fish/mean fluorescence of each gene
from rag1+/+ fish (white bars) and fluorescence of each gene from SVCV-infected
rag1−/− mutants/mean fluorescence of each gene from rag1−/− mutant fish (hatched
gray bars). The upregulated and downregulated results were represented as the dupli-
cated representation explained in Fig. 1. Raw and normalized data were deposited in
GEO's bank at GEO's GSE54096 (Garcia-Valtanen et al., 2017). *, folds significatively>
1.5 (+, positive upregulated values) and< 0.66 (-, negative downregulated values) at
p< 0.05 (Student t-test). Red dashed horizontal lines, 1.5- and 0.66-fold thresholds.
White bars, rag1−/− versus rag1+/+ genotypes, n = 2 replicas each, 3 fish pooled per
replica (rag1−/− vs rag1+/+). Hatched gray bars, 2-day SVCV-infected rag1−/− phe-
notype versus 2-day mock-infected rag1−/− genotype, n = 2 replicas each, 3 fish pooled
per replica (+rag1−/− vs rag1−/−).
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strategies to deliver crp1-7/CRP1-7 to fish cells in vitro, i) transfection of
EPC cell monolayers with pMCV1.4-crp1-7 or ii) treatment of EPC cell
monolayers with CRP1-7-enriched supernatants obtained from
pMCV1.4-crp1-7-transfected EPC cells. To interpret possible differences
of expression among the CRP isoforms, the efficiency of transfection of
each of the pMCV1.4-crp1-7 plasmid constructs and the presence of
each of the corresponding CRP1-7 proteins in the supernatants were
first studied by RTqPCR and dot-blot, respectively. Results showed that
no significative differences could be demonstrated between relative
expression levels of crp1-7 transcripts in pMCV1.4-crp1-7 transfected
cells (Fig. S1, A). On the other hand, despite their low level of protein
expression (i.e., when compared to CRP levels in zebrafish in-
traperitoneal ascites), prevented any quantitative analysis, CRP1-7
were present in enriched supernatants from pMCV1.4-crp1-7 trans-
fected cells (Fig. S1, B). In contrast no stained spot could be obtained in
supernatants from pMCV1.4-gfp transfected cells (Fig. S1, B, lane 8). On
the other hand, since bacterial LPS traces contaminating the pMCV1.4-
crp1-7 plasmid preparations could be causing also neutralization, LPS
from E.coli were added to the cells and neutralization measured. No
neutralization effects on SVCV infectivity could be demonstrated even
at the highest LPS concentrations tested (∼1000-fold higher than those
expected to be present in the plasmids) with any of the two different
sources of LPS (Fig. S2). In contrast, parallel assays with cells trans-
fected with pMCV1.4-crp2/crp5, confirmed, once more, the neu-
tralization of SVCV (Fig. S2). Therefore, only sequence and/or con-
formational differences among the CRP1-7 isoforms could be
responsible for inducing neutralization of SVCV.

Results showed that the SVCV neutralization profiles obtained by
transfecting EPC cells with the pMCV1.4-crp1-7 plasmids were similar
to those obtained by treating the cells with the CRP1-7-enriched su-
pernatants (Fig. 5A and B, respectively). Thus, crp2/CRP2, crp3 and
crp5/CRP5 obtained maximal neutralization values of∼ 65-75% in
both transfected and treated cells, respectively (Fig. 5A and B). Lower
but significant neutralization percentages (∼ 35-65%) were obtained
for CRP3, crp4/CRP4, crp6/CRP6 and crp7/CRP7. In contrast, no neu-
tralization was obtained when using crp1/CRP1 (< 7%).

Co-transfections were used to study possible neutralization syner-
gies among crp1-7/CRP1-7. Synergy was defined as the increase in
neutralization levels when co-transfecting two (pMCV1.4-
crpa + pMCV1.4-crpb) rather than one pMCV1.4-crp1-7 plasmid. To
carry out co-transfections, the concentration of each plasmid was re-
duced from 100 to 50 ng per well. When required, 50 ng per well of the
pMCV1.4-gfp plasmid were added to obtain the same final concentra-
tion of 100 ng of DNA per well (pMCV1.4-crp + pMCV1.4-gfp). Results
of several co-transfections with different combinations between two
pMCV1.4-crp1-7 plasmids showed that the neutralization levels were

always lower (Fig. S3, hatched bars) than the theoretical sum obtained
when the plasmids were separately transfected (Fig. S3, black hor-
izontal bars). These results suggested some kind of interferences rather
than synergies at the transcript or at the protein levels between crp1-7/
CRP1-7 isoforms. Interferences could be due to the formation of neu-
tralization-inactive CRP heteropolymers, to crp transcriptional controls
or to changes in viral specificity (since they could still neutralize other
viruses). Further work needs to be done to explore such possibilities.

In conclusion, all the above mentioned results suggested that zeb-
rafish crp2-7/CRP2-7 (all except crp1/CRP1) neutralized SVCV in vitro.

Fig. 4. Differential expression of CRP1-7 UNIPROT accession
numbers in blood plasma from SVCV-infected zebrafish.
Plasma was harvested from zebrafish infected with SVCV at dif-
ferent time points (0, 24, 48 and 120 h). For the calculations, 3
biological replicas were analyzed per time point. Each replica
consisted in pools of 3 plasma (total number of fish = 36). Pooled
plasma proteins for each replica were digested with trypsin, the
resulting peptides separated by LC and analysed in a Triple-TOF
(LC-MS/MS) apparatus. Table S2 shows that there were 1-5
UNIPROT accession numbers identified for each of the CRP1-7
isoforms. After emPAI normalization, differential expression folds
were calculated by the formula, emPAI values of each UNIPROT
accession number/emPAI mean value of the corresponding
UNIPROT accession number at time 0. Open circles, folds of each
of the UNIPROT accession numbers detected in the 3 replicas per
time point. *, folds significatively> 1 at p< 0.05 (Student t-
test). Red dashed horizontal line, 1-fold threshold. CRP6 was
not identified by any of the peptides obtained.

Fig. 5. Neutralization of SVCV in pMCV1.4-crp1-7 plasmid-transfected EPC cells (A) or in
CRP1-7-enriched supernatant-treated EPC cells (B).
A) EPC cell monolayers transfected with pMCV1.4-crp1-7 plasmids. Cells were
transfected with pMCV1.4-crp1-7 plasmids and incubated for 3 days before SVCV infec-
tion (3-day exposure to crp1-7). B) EPC cell monolayers treated with CRP1-7-enriched
supernatants. Cells were treated with CRP1-7-enriched supernatants (obtained from
pMCV1.4-crp1-7 transfected EPC cells) during 24 h before SVCV infection (1-day ex-
posure to CRP1-7). To infect with SVCV, the transfected/treated cell monolayers were
incubated during 2 h with SVCV, washed and incubated during 24 h. The number of SVCV
infected EPC cells were then determined by ffu assays (n = 2 experiments) or flow cy-
tometry (n = 2). Results from the 2 methods were pooled to calculate means and stan-
dard deviations (n = 4). The results were expressed as neutralization percentages cal-
culated by the formula, 100 − (number of SVCV infected cells in transfected or treated
cells/number of SVCV infected cells in non-transfected or non-treated cells). *, statisti-
cally higher than neutralization levels obtained from cells transfected with pMCV1.4 (no
CRP-coding plasmid, nccp) or treated with the corresponding supernatants (NCCP) at
p< 0.05 (Student t-test).
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3.7. Microinjection of zebrafish embryos with pMCV1.4-crp2-5 induced
protection to SVCV infection and injection of pMCV1.4-il6 induced crp4-5
transcripts

To investigate whether or not the in vitro neutralization of SVCV by
crp1-7/CRP1-7 could be also observed in vivo, selected pMCV1.4-crp2-5
plasmids were microinjected into one-cell stage zebrafish embryos.
Three days later, the hatched larvae were challenged by microinjection
of 104 pfu of SVCV per larvae. The cumulative survivals obtained after
7 days of SVCV challenge for the fish injected with the pMCV1.4-crp2-5
plasmids were ∼ 18, 12, 24 and 32%, respectively (Fig. 6A) in contrast
to 0% of those injected with pMCV1.4-gfp.

Because mammalian il6 is one of the major physiological inducers of
CRP synthesis (Du Clos and Mold, 2011), and IL6 was upregulated after
mammalian viral infections (Paludan, 2001; Wang et al., 2015; Xia
et al., 2015), we tested also whether the microinjection of pMCV1.4-il6
into zebrafish egg embryos modulated crp1-7 expression in the resulting
larvae. Results showed that only crp4-5 were upregulated in larvae after
injection of pMCV1.4-il6 in zebrafish egg embryos (Fig. 6B).

4. Discussion

Several correlations and evidences for in vitro and in vivo viral
neutralizing heterogeneous activities of zebrafish CRP1-7 isoforms were
presented here. Previous observations included correlations between
zebrafish CRP-related pathways and viral infections with either SVCV
(Encinas et al., 2013) or VHSV (Estepa and Coll, 2015a). On the other
hand, the Ca++-dependent phospholipid-binding pocket structures of
in silico-modelled CRP1-7 using the CRP5 3D X-ray structure as tem-
plate, suggested the existence of a functional heterogeneity (Chen et al.,
2015). The present work characterized and extended those previous
observations to the different distributions of crp1-7 transcripts in
healthy tissues/organs and the heterogeneous crp1-7/CRP1-7 responses
during several in vivo viral infections. Unexpected evidences for both in
vitro neutralization and in vivo protection against viral infection of some
but not all crp1-7/CRP1-7 isoforms were then demonstrated.

To our knowledge, this work is the first to report both in vitro
neutralization and in vivo protection of viral infection by any CRP.
However, the corresponding mechanism(s) underlying these effects are

not yet known. Different CRP1-7 conformations (Braig et al., 2017;
Eisenhardt et al., 2009a; Eisenhardt et al., 2009b; Li et al., 2016; Wang
et al., 2011; Wu et al., 2015), heterologous trimers (Bello et al., 2017),
interferences with low-pH induced rhabdoviral fusion (Estepa and Coll,
1996; Estepa et al., 2001), and/or interactions of CRP1-7 carboxy-
terminal domains (Potempa et al., 2015; Wang et al., 2011)(Li et al.,
2016; Wu et al., 2015) or derived peptides (El Kebir et al., 2011;
Shephard et al., 1989; Yavin and Fridkin, 1998) with lipid membranes
including cholesterol-enriched lipid rafts, may offer possible mechan-
isms for the viral neutralization by CRP1-7. Alternatively or simulta-
neously, crp1-7/CRP1-7 molecules could also differentially interact
with infected or uninfected cells to induce other yet unknown isoform-
specific innate immunity defenses. Future work should be focused on
some of the above mentioned possibilities to find a suitable explanation
for the heterogeneous anti-viral activities induced by zebrafish crp1-7/
CRP1-7.

The physiological mechanism through which the injection of
pMCV1.4-crp2-5 to egg embryos induced protection of larvae against
SVCV challenge is also unknown. Once translated into proteins and
after reaching the blood, it is supposed that the tested circulating CRP2-
5 would be transported by the blood to target SVCV and/or SVCV-in-
fected cells. After binding to exposed phospholipid heads in SVCV-da-
maged cells, CRP could induce inflammatory stimulus (i.e., il6, il1b). At
this respect, it seems to be confirmatory that crp5 was induced by in-
jection of il6, a cytokine that upregulates circulating pCRP in humans
(Du Clos and Mold, 2011) and is itself upregulated by viral infections
(Paludan, 2001; Wang et al., 2015; Xia et al., 2015). Although nothing
is known about zebrafish CRP1-7-ligand functionality, these isoforms
may behave like in humans which bind C1q (increasing complement-
aided cell lysis) and/or immunoglobulin FcR (increasing phagocytosis
of tagged cells). On the other hand, cell migration from lymphoid or-
gans to external tissues may explain downregulation of most crp2-6
levels in survivors of viral infection and in rag1−/− mutants. The higher
upregulation of crp2/crp3/crp5 in fins compared to that in lymphoid
organs (crp2-6) after SVCV infection and in SVCV survivors may con-
firm that hypothesis. While these results correlate with the elevated
numbers of leukocytes in rag1−/− zebrafish external tissues (Garcia-
Valtanen et al., 2017), the depletion of lymphoid organ IgM+ cells
despite the presence of neutralizing antibodies in plasma from VHSV-

Fig. 6. Study of the larvae from injected one-cell stage zebrafish
embryos: injection of pMCV1.4-crp2-5 and survival after infection
with SVCV (A), and injection of pMCV1.4-il6 and induction of
crp1-7 transcripts (B).
A) Five groups of 30 one-cell stage embryo per group (total
number = 150) were intraperitoneally microinjected with 2 nl of
phosphate buffered saline (PBS) containing 150 pg of pMCV1.4
plasmids coding for green fluorescent protein (GFP) or CRP2-5.
Three days later, 12 hatched larvae per group were microinjected
into the duct of Cuvier to induce a systemic infection with 104 pfu
of SVCV resulting in 64.5% mortality for pMCV1.4-gfp injection
after 7 days. Kaplan-Meier cumulative survival curves were ana-
lyzed for statistical significance with a log-Rank (Mantel-Cox) test
(Mantel, 1966) as described before (Pereiro et al., 2017). *, Sig-
nificative differences between survival of fish injected with
pMCV1.4-crps and those injected with pMCV1.4-gfp at the
p< 0.05 level. Black dotted line, pMCV1.4-gfp. Red line,
pMCV1.4-crp5. Black line, pMCV1.4-crp2. Blue line, pMCV1.4-
crp3. Green line, pMCV1.4-crp4. B) One-cell stage embryos were
intraperitoneally microinjected with 2 nl of PBS containing
150 pg of pMCV1.4 or pMCV1.4-il6 plasmids. Three-days later the
corresponding larvae were pooled (n = 4 groups of 3 pooled fish
per group, total number of larvae per group = 12), RNA extracted
and crp1-7 transcript levels estimated by RTqPCR using the pri-
mers described in Table S1. Results were expressed relative to
ef1a as calculated by the formula, 100 x (crp1-7 expression per
group/ef1a expression per group). Means and standard deviations

were represented. *, statistically higher than the mortality levels obtained after transfection with the pMCV1.4 plasmid at p< 0.05 (Student t-test). Open bars, injected with pMCV1.4.
Hatched bars, injected with pMCV1.4-il6.
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survivor zebrafish (Estepa and Coll, 2015a), the trans endothelial leu-
kocyte migration visually observed on zebrafish transparent larvae
during viral infection (Varela et al., 2014) and/or the leukocyte cell
migration during other zebrafish diseases (Deng and Huttenlocher,
2012), additional evidence should be provided to confirm cell migra-
tion when specific cellular reagents will become available for zebrafish.
All these possible in vivo mechanisms remain to be investigated.

Despite the different experimental approaches, crp2/CRP2 and
crp5/CRP5 were among the major actors in most anti-viral responses,
while very often crp1/CRP1 and crp7/CRP7 remained unmodulated,
and crp3/CRP3, crp4/CRP4, crp6/CRP6 were only modulated in some
cases. On the other hand, in vitro assays demonstrated that crp2/CRP2
and crp5/CRP5 neutralized SVCV infectivity to the highest extent. In
addition, in vivo injection of pMCV1.4-crp2-5 confirmed that crp5/CRP5
was the most important contributor to survival of zebrafish larvae to
SVCV challenge and one of the unique crp/CRP that together with crp4/
CRP4 could be induced by injection of il6 (a well known inducer of
pCRP synthesis in humans). The low participation of CRP1 (the only
zebrafish CRP lacking signal peptide) in viral responses and neu-
tralization, suggested the idea that CRP2-7 should be secreted to be
efficient. However, since CRP1 levels were detected also in CRP1-en-
riched supernatants, other explanation(s) may be possible. The lack of
generation of CRP1 anti-viral peptides may offer an alternative ex-
planation. Thus, because of the presence in CRP2-7 of a protease-sen-
sitive site (146SFN or SFD) which is not totally conserved in CRP1
(146DFE) (Bello et al., 2017), such hypothetically neutralizing peptides
may be derived from all CRPs except from CRP1. The lack of differential
expression of crp7/CRP7 has no similar possible explanations, since it
has signal peptide, identical protease site sequence than other CRPs and
some anti-viral neutralization capacity. One possible explanation for
the absence of differential expression may be that crp7/CRP7 could be
induced in response to other pathogen infections (i.e., parasites?) and/
or physiological conditions (i.e., other kind of tissue damage or internal
stimulus, etc). The different experimental approaches, different fish
used for the experiments, and confirmation of some results at 3 dif-
ferent laboratories, argue in favour of the existence of functional het-
erogeneity among crp1-7/CRP1-7 isoforms.

Zebrafish might provide a suitable model for further crp1-7/CRP1-7
studies. For instance, ligand-CRP1-7-binding specificities could be ex-
plored to define whether isoform heterogeneity may be related to a
wider anti-viral functionality in the aquatic environment.
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