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a b s t r a c t

While exploring the molecular mechanisms behind the fin hemorrhages that follow zebrafish (Danio
rerio) early infection with viral haemorrhagic septicemia virus (VHSV), we discovered that most serpin
(serine protease inhibitor) gene transcripts were upregulated, except those of serpine1. Surprisingly, only
SERPINe1-derived 14-mer peptide and low molecular weight drugs targeting SERPINe1 (i.e. tannic acid,
EGCG, tiplaxtinin) inhibited in vitro infections not only of VHSV, but also of other fish rhabdoviruses such
as infectious hematopoietic necrosis virus (IHNV) and spring viremia carp virus (SVCV). While the
mechanisms that inhibited rhabdoviral infections remain speculative, these and other results suggested
that SERPINEe1-derived peptide specifically targeted viral infectivity rather than virions. Practical ap-
plications might be developed from these studies since preliminary evidences showed that tannic acid
could be used to reduce VHSV-caused mortalities. These studies are an example of how the identification
of host genes targeted by viral infections using microarrays might facilitate the identification of novel
prevention drugs in aquaculture and illuminate viral infection mechanisms.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In many fish, external (mouth, fin, epithelia) and internal
(muscle, liver, head kidney, spleen, intestines) hemorrhages follow
4e7 days the start of rhabdoviral infections [1,2]. Although such
rhabdoviral-induced hemorrhages should include interferences
with the host molecular coagulation pathways, those have not been
explored yet. Therefore, we were interested in the study of tran-
scriptional expression profiles along the coagulation-complement
pathway induced by rhabdoviral early infections in the fish fins,
their portal of entry [3], with the expectation of finding novel gene
targets for preventive drugs. We chose the zebrafish Danio rerio
because of its susceptibility to novirhabdoviruses like viral hae-
morrhagic septicemia virus (VHSV) [4,5] or infectious hematopoi-
etic necrosis virus (IHNV), coding for non-virion NV genes and to
rhabdoviruses like spring viremia of carp virus (SVCV) which lack
the NV gene [6,7]. In addition, zebrafish transcriptomic data on fins
and lymphoid organs have been previously reported by our
research groups after immunizationwith VHSV [8,9] and SVCV [10].

Vertebrate coagulation starts when damaged blood vessels
expose collagens of internal tissues to blood proteolytic cascade
iocoll@inia.es (J. Coll).
factors (i.e. those coded by the f3, f7, f8, f9, vwf genes), leading to
thrombin (f2) activation. Activated THROMBIN cleaves blood
FIBRINOGEN (fg) generating the fibrin clots characteristic of coag-
ulation (Fig. 1). The coagulation cascades are interconnected with
parallel proteolytic cascades involved in complement-dependent
cell lysis. Thus, the “complement and coagulation cascades” KEGG
pathway (http://www.genome.ad.jp/kegg/) describes two proteo-
lytic cascades interconnected by two proteins: FACTOR XII (endo-
thelial secreted Hageman factor, coded by the f12 gene) and
PLASMINOGEN (a pro-enzyme, coded by plg). Proteolysis of FACTOR
XII/PLASMINOGEN increase PLASMIN to reduce coagulation by
fibrinolysis and to increase complement-dependent cell lysis
(Fig. 1). To avoid tissue damage, excessive proteolysis are controlled
by a variety of protein inhibitors (i.e.: coded by serpind1, serpinc1,
serpina1, serpinf2, serping1, serpine1, proc, tfpia, h, clu, etc). Among
them, serine protease inhibitors (SERPIN proteins) could be
grouped in those inhibiting, i) Coagulation by targeting THROMBIN
coded by the f2 gene (SERPINd1, SERPINc1, SERPINa1); ii) Both
coagulation and complement-dependent cell lysis by targeting
TISSUE PLASMINOGEN ACTIVATOR, coded by tpa or plaub (SER-
PINa1, SERPINe1) and/or PLASMIN (SERPINa1, SERPINf2); and iii)
Complement-dependent cell lysis by targeting C1S/C1R, coded by
c1s/c1r (SERPINg1) (Fig. 1, red).

In this context, detailed re-analysis of previously published
microarray gene results of the “complement and coagulation
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cascades” KEGG pathway of zebrafish fins infected with VHSV [8],
discovered that most serpins were upregulated, except serpine1.
Because the lack of modulation (up or downregulation) of serpine1
could be explained by SERPINe1 interferences with VHSV infection,
we then studied the effects of SERPIN specific inhibition on in vitro
rhabdoviral infections. As demonstrated for human SERPINs [11,12],
to specifically inhibit zebrafish SERPIN activities, we used the
orthologous 14-mer amino-terminal amino acids of its Reactive
Center Loops (RCL) (NH2P14.P13.P12…P3.P2.P1…P'1.P'2.P'3…
P'12.P'13.P'14). Surprisingly, we discovered that only zebrafish
SERPINe1-derived peptides and/or their corresponding specific low
molecular weight inhibitors (i.e.: tannic acid, EGCG, tiplaxtinin)
[13,14] inhibited not only VHSV but also SVCV and IHNV in vitro
rhabdoviral infections and reduced zebrafish mortalities of VHSV
infections. This is one novel example of how the identification of
host genes targeted by viral infections using microarrays might
facilitate the identification of novel prevention drugs in aquacul-
ture and illuminate viral infection mechanisms.
2. Materials and methods

2.1. Fish rhabdoviruses and cell culture

The viral haemorrhagic septicemia virus VHSV- 07.71 [15] and/
or the infectious hematopoietic necrosis virus IHNV-Cedar strain
[16] novirhabdoviruses were grown at 14 �C in the Epithelioma
papulosum cyprini (EPC) cells from the fathead minnow Pimephales
promelas (ATCC, CRL-2872). Cells were grown in 25 cm2

flasks at
28 �C in RPMI-Dutch modified cell culture medium buffered with
20 mM HEPES (Gibco, Invitrogen corporation, UK) and supple-
mented with 10% fetal calf serum (FCS), 1 mM pyruvate, 2 mM
glutamine, 50 mg/ml gentamicin and 2.5 mg/ml fungizone. To pre-
pare VHSV or IHNV, the cell culture media were the same as above,
except for the use of 2% FCS, 10 mM Tris pH 8.0 and 14 �C. To assay
for inhibition of infectivity, VHSV or IHNV were purified by pel-
leting infected supernatants by ultracentrifugation at 60,000 g for
60 min at 4 �C and then titrated by a focus forming unit (ffu) assay
Fig. 1. Simplified scheme of the “Complement and coagulation cascades” KEGG
pathway. The zebrafish gene symbols in italics and their proposed relationships were
obtained from the corresponding human KEGG-pathway (http://www.genome.ad.jp/
kegg/). , Serine protease inhibitor (serpin) genes. All the human/zebrafish
orthologous genes of the “Complement and coagulation cascades” pathway (Table 1)
were assayed for transcript expression but only some of them have been drawn here
for clarity. , main physiological inputs (cellular damage)
and outputs (underlined, Coagulation and Complement-dependent cell lysis) of the
pathway. Continuous black arrows, activation between gene products.

, inhibition between gene products. Rectangle, fibrin-
ogen conversion to fibrin. , f12 and plg genes linking coagulation to
complement proteolytic cascades.
using monoclonal antibodies to recognize VHSV/IHNV-infected foci
[17]. For the in vivo infections, supernatants from VHSV-infected
cell monolayers were clarified by centrifugation at 4000 � g dur-
ing 30 min and kept in aliquots at �70 �C. The spring viremia of
carp virus SVCV isolate 56/70 [18] was grown in zebrafish embry-
onic fibroblast ZF4 cells [19] (ATCC, CRL-2050). ZF4 cells were
maintained at 28 �C in a 5% CO2 atmosphere in the same cell culture
medium described above. To prepare SVCV, 2% FCS and 22 �C were
used. To assay for inhibition of infectivity, SVCV was purified by
pelleting SVCV-infected supernatants by ultracentrifugation at
60,000 g for 60 min at 4 �C and then titrated by methylcellulose
plaque assays as described before [10].

2.2. Previously published experiments using zebrafish and its
microarray data analysis

Zebrafish were maintained at 24e26 �C in 30 l aquaria with tap-
dechlorinated carbon-filteredwater 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 200e300 mS pH of 7.8e8.2, as described before
[8e10]. The aquaria were provided with biological filters and fish
fed with commercial flakes (Tetramin, Tetra GMBh, Germany). For
each experiment, groups of 10 zebrafish were moved to 2 l mini-
aquaria provided with biological filters for acclimation during 7
days. Groups of 10 zebrafish were infected-by-immersion with
VHSV or mock infected, as previously reported [8e10]. Briefly,
zebrafish were maintained in 2 � 106 ffu of VHSV per ml at 14 �C
during 2 h in 50 ml containers with continuous aeration and then
released to their 2 l miniaquaria at 14 �C. After 2-days, fins (dorsal,
ventral and caudal) or lymphoid organs (head kidney plus spleen)
were harvested and independently pooled for 6 zebrafish per
group, n ¼ 4 groups per treatment. Extraction, labeling of high
quality RNA and hybridization were performed as described before
[8,10]. Differential expression folds of genes of the “complement
and coagulation cascades” KEGG pathway were compared from
hybridization data deposited in the Gene Expression Omnibus
(GSE19049) [8]. Gene differential expressions or modulations
expressed were calculated in folds by the formula, fluorescences of
VHSV-infected zebrafish/mean fluorescences of non-infected
zebrafish. Then the means ± standard deviations of the folds
were calculated for n ¼ 4. Genes with differential expression fold
values > 1.5 or <0.66 were defined as statistically significant ac-
cording to the one sample 2-tail independent t-test at p < 0.05.
Other details of sample processing were as previously described in
detail [8,10].

2.3. Design and synthesis of SERPIN-derived peptides

To specifically inhibit serine protease inhibitors (serpin genes,
SERPIN proteins) we used SERPIN-derived peptides, since
mammalian SERPINs are specifically inhibited by 14-mer peptides
derived from their 28 amino acid (P14…P140) Reactive Center Loops
(RCL) [11,12]. To find the RCL sequences corresponding to zebrafish,
P4.P3.P2.P1…P1'.P2'.P3'.P4'. amino acid sequences (one single let-
ter amino acid codes around the scissile P1eP10 bound) of each
human SERPIN were retrieved [12] and aligned to the corre-
sponding amino acid sequences in zebrafish. Orthologous peptide
sequences corresponding to the 14-mer amino-terminal part of
each zebrafish RCL SERPIN were then obtained from the
P14……….P1 positions (Table 2). The 14-mer peptides were
chemically synthetized by adding acetylation to its amino-terminal
part as used before [11,12]. Cell penetrating peptide probabilities
were estimated using predictive software at bioware.ucd.ie/
CPPpred [24]. SERPIN-derived peptides and 4e7 amino acid sub-
sequences of SERPINe1 (TKGSSAT, AAVIYSR, TKGS, SATA, and
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AVIYSR) of SERPINe1 (TKGSSATAAVIYSR) were synthesized by
Proteogenix (Schiltigheim, France).

2.4. Inhibition assay of in vitro rhabdoviral infection by SERPIN-
derived peptides and low molecular weight drugs

Briefly, ZF4 zebrafish cells (50,000 cells per well) were grown at
28 �C in 96-well plates of polystyrene coated with poly-D-Lys
(Corning, New York, NY, USA) as described before [17,20,21].
SERPIN-derived peptides (Table 2) and/or SERPINe1 inhibitors
[13,14] were incubated overnight (~16 h) with 300 ffu of purified
rhabdovirus (VHSV, SVCV or IHNV) per well in cell culture medium
2% FCS,10mMTris pH8.0 at 14 �C (VHSV, IHNV) or 22 �C (SVCV). ZF4
cell monolayers were then infected by adding the
rhabdovirus þ inhibitor mixtures during 2 h at 14 �C. Alternatively,
SERPIN-derived peptides were incubated overnight with the ZF4
monolayers, washed and rhabdovirus added the next day during 2 h
at 14 �C. After washing by flicking the plate and refilling with cell
culture medium, rhabdovirus-infected cell monolayers were
Table 1
Differential expression of “coagulation and complement cascade” KEGG pathway gene tr
infected zebrafish (GSE19049) [8].

Genes Acc.numbers Description

COAGULATION:
f3 NM_001017728 Coagulation factor IIIb
f7 NM_173228 Coagulation factor VII
f8 XM_001922709 Coagulation factor VIII
f9 NM_001040310 Coagulation factor IX
vwf XM_690650 von Willebrand factor type A
f10 NM_201462 Coagulation factor X
f5 NM_001007208 Coagulation factor V
serpina1 NM_001077758 Serpina1 protein inhibitor, clade A
serpinc1 NM_182863 Serine proteinase inhibitor, clade C
serpinf2 NM_001080010 Serine proteinase inhibitor, clade F
a2m XM_001345402 Alpha-2-macroglobulin-like protein 1
tfpia NM_182872 Tissue factor pathway inhibitor a
proc NM_200356 Protein C (inactivator of Va and VIIIa)
pros1 NM_001077323 Protein S (alpha)
f12 XM_002663051 Coagulation factor XII
f2 NM_213390 Coagulation factor II (thrombin)
f2r NM_001114846 Thrombin receptor
f13 NM_001077154 Coagulation factor XIII, A1 (f13a1)
fga NM_001194989 Fibrinogen alpha chain (fga)
serpind1 NM_182880 Serine proteinase inhibitor, clade D
serpine1 NM_001114559 Serine proteinase inhibitor, clade E
plaub NM_001252350 Tissue-type plasminogen activator uro
plg NM_201472 Plasminogen
COMPLEMENT:
crp BC097160 Pentraxin
igm AY646262.1 Immunoglobulin heavy constant mu ch
igz AY646263.1 Immunoglobulin zeta heavy chain
hbl4 NM_001114725 Hexose-binding lectin 4
c1q NM_001020527 Complement component 1q subcompo
c1s NM_001122858 Mannan-binding lectin serine peptidas
serping1 NM_001123285 Serine proteinase inhibitor, clade G
c4 XM_689530 Complement component C4
c2 XM_001921497 Complement factor B/C2B
h XM_002666292.1 Complement factor H
d NM_001020532 Complement factor D adipsin (cfd)
b NM_001083858 Complement factor B (cfb)
c3 NM_131243 Complement C3 Precursor
clu NM_200802.1 Clusterin (complement lysis inhibitor)
c6 NM_200638 Complement component 6
c7 XM_685854 Complement component 7
c8 BC078409 Complement component 8, alpha polyp
c9 NM_001024435.1 Complement component 9

Differential expression folds of genes of the “complement and coagulation cascades” KEGG
were compared from data obtained from zebrafish 2-days after infection with VHSV (G
modulations expressed in folds were calculated by the formula, hybridization fluoresce
Means ± standard deviations, were then calculated from n¼ 4 biological replicates. *, Gen
significant according to the one sample 2-tail independent t-test at p < 0.05. The sd < 0
incubated overnight at 14 �C before being fixed with 10% formal-
dehyde in phosphate buffered saline (PBS) during 20 min and per-
meabilizedwith 0.05% Saponin, 0.01%N3Na in PBS during 15min. To
detect rhabdoviral infection, the VHSV N protein was stained with
MAb 2C9 [22], SVCV with a polyclonal Ab anti-SVCV (Bio-X Di-
agnostics) and IHNV with a mixture of anti-N MAbs [23]. The virus-
specific Abs were diluted in 2% FCS, 0.05% Saponin, 0.01% N3Na in
PBS (permeabilizing buffer) and rabbit FITC-labeled anti-mouse IgG
(Nordic, Tilburg, The Netherlands) was used to fluorescently label
the bound Abs. The monolayers were suspended by 10 min incu-
bationwith 0.25% trypsin 0.02% EDTA (Sigma, St.Louis,MS, USA) and
pipetted after the addition of 1% BSA, 50 mM EDTA, 0.01% N3Na in
PBS. The suspended cells were analyzed in a BD FACS Canto II
apparatus (Beckton Dickinson, San Agustin de Guadalix, Madrid,
Spain) providedwith a high throughput sampler. Forward (FSC) and
side (SSC) scatter threshold values corresponding to damaged cells,
cellular debris and/or cellular aggregates were eliminated from the
analysis. The number of fluorescent cells was determined over a
threshold containing 95% (mean þ 2 standard deviations) of non-
anscripts in fins and lymphoid organs (head kidney plus spleen) from 2-day VHSV-

Fins mean ±sd Organs mean ±sd

0.79 0.17 0.96 0.07
*2.05 0.01 *1.85 0.01
*0.40 0.01 0.95 0.01
*6.98 0.01 1.08 0.01
0.80 0.01 *0.40 0.02
*2.25 0.20 1.12 0.01
*3.41 0.01 1.23 0.01
*2.21 0.01 0.66 0.01
*3.74 0.05 0.90 0.03
*5.35 0.79 1.15 0.08
0.81 0.45 1.11 0.01
0.97 0.01 1.16 0.01
*1.61 0.01 1.09 0.01
0.97 0.01 0.70 0.01
1.00 0.01 1.00 0.01
*5.74 2.72 1.34 0.04
1.04 0.09 1.27 0.07
1.18 0.07 0.76 0.15
*5.56 0.68 1.20 0.04
*4.75 0.87 1.31 0.29
1.20 0.01 1.00 0.01

kinase b 1.04 0.21 0.98 0.13
*5.72 0.71 1.62 1.25

*13.54 0.36 1.19 0.01
ain 1.23 0.58 1.25 0.70

1.25 0.18 1.43 0.28
*3.46 1.18 1.81 0.49

nent 1.09 0.16 0.90 0.32
e 2 *5.05 0.01 1.04 0.01

*4.65 0.56 *1.68 0.07
*1.79 0.01 *1.98 0.01
*2.13 1.59 1.36 0.18
*3.49 0.01 1.46 0.01
1.76 1.07 1.18 0.71
1.56 1.24 1.07 0.17
*6.14 0.01 *1.69 0.01
0.90 0.08 1.04 0.01
*1.53 0.01 0.89 0.01
1.03 0.01 *0.59 0.01

eptide *4.76 0.01 1.45 0.01
*4.34 0.09 *2.18 0.13

pathway (simplified in Fig. 1) in fins and lymphoid organs (head kidney plus spleen)
SE19049) [8]. Bold, highlighting the serine protease inhibitor genes (serpins). Gene
nces of infected zebrafish/mean fluorescences from non-infected zebrafish (n ¼ 4).
es with differential expression fold values > 1.5 or <0.66 were defined as statistically
.001 have been rounded to 0.01 for clarity.



Table 2
Identification of human/zebrafish orthologous SERPIN-derived peptide sequences of their Reactive Center Loop (RCL) regions.
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infected cell controls (>50% of the cells infected). The BD FACSDIVA
software calculated the percentage of fluorescent (N-positive,
VHSV-infected) cells by the formula, 100 x number of cells with
fluorescences > the threshold/total number of cells per well
(n ¼ 10,000 cells). Comparisons with the fluorescent values from
infected cell monolayers without any peptide treatment were per-
formed by using the Student-t test at the p < 0.05 level.

2.5. Tannic acid treatment of zebrafish and infection with VHSV

Adult zebrafish of 2e3 g (~4 cm in length, XL size) were obtained
from a local fish pet shop to study a situation that more closely
resembles the variability of natural populations. Tannic acid was
delivered to zebrafish either by mouth with a micropipette or by
adding it to the feed. To deliver tannic acid fish-to-fish by mouth,
groups of 10 zebrafish per treatment per experiment were moved
to 14 �C aquaria and 3 days before the VHSV challenge were indi-
vidually given 10 ml of PBS containing 50 mg of tannic acid each day
by mouth with a micropipette. Mock-treated zebrafish were simi-
larly given 10 ml of PBS each day per fish. To prepare the feed with
tannic acid, commercial flakes (Tetramin, Tetra GMbh, Germany)
were weighted and dissolved in water, 10% w/w of tannic acid
added and mixed with an homogenizer. The mix was then dried at
37 �C during 2-days and kept at 4 �C until use. Groups of 10
zebrafish per treatment per experiment were moved to 14 �C
aquaria for acclimatation and fedwith 20mg of feed containing 10%
of tannic acid per day during 3 days before and 7 days after VHSV
challenge. Mock-treated zebrafish were similarly fed with 20 mg of



Fig. 2. Inhibition of VHSV-(A), SVCV-(B) and IHNV-(C) infection of ZF4 cells by peptides
derived from zebrafish SERPIN RCLs. ZF4 cell monolayers were incubated overnight
with SERPIN RCL-derived synthetic peptides (Table 2) previously incubated with VHSV,
SVCV, or IHNV. To detect rhabdoviral infection, the VHSV N protein was stained with
MAb 2C9 [22], SVCV was stained by a polyclonal Ab anti-SVCV (Bio-X Diagnostics) and
the IHNV N proteinwas stained with a mixture of anti-N MAbs [23]. After staining with
their corresponding FITC-labeled anti-viral antibodies, the suspended ZF4 cells were
analyzed with a high troughput sampler in a BD FACS Canto II apparatus. The per-
centage of fluorescent (infected) cells was calculated by the formula, 100 x number of
cells with fluorescences above the threshold/total number of cells gated per well.
Means from 3 (VHSV) or 2 (SVCV, IHNV) different experiments are represented.
Standard deviations (<30% of the mean) were omitted for clarity.C, SERPINe1-derived
peptide. B, SERPINa1-derived peptide. ,, SERPINc1-derived peptide. ◊, SERPINf2-
derived peptide. D, SERPINd1-derived peptide. T, SERPINg1-derived peptide. -, SER-
PINe1-derived peptide added to the monolayers 24 h before their infection, washed
and then infected with VHSV. *, significantly lower percentage of infected cells than
those from rhabdoviral-infected ZF4 cell monolayers without peptide treatment at the
p < 0.05 level (Student t test).

A. Estepa, J. Coll / Fish & Shellfish Immunology 47 (2015) 264e270268
feed each day per fish with feed prepared in a similar way but
without tannic acid. In both cases, after tannic acid treatment, the
groups of fish were moved to 50 ml containers and infected-by-
immersion with aeration with 107 ffu/ml of VHSV during
120 min. Mock-infected zebrafish were incubated with cell culture
medium in parallel experiments. From 1 to 15 days, fish were
monitored for mortalities 2e4 times a day and those with external
hemorrhages and alterations in swimming were euthanized by an
overdose of MS222 (methanesulfonate 3-aminobenzoic acid ethyl
ester) to minimize their suffering. After 15-days, the survivor fish
were also euthanized by an overdose of MS222. Cumulative per-
centage mortalities for each group of 10 fish and treatment were
calculated by the formula, 100 x number of fish that die after 15-
days/10. Means of cumulative percent mortalities and its standard
deviations from 3 different experiments for each treatment were
then calculated. Means significantly lower at the p < 0.05 level
(Student t test) when compared to the PBS or feed control group (*).

2.6. Zebrafish handling and ethics statement

Zebrafish were handled in accordance with the National and
European guidelines and regulations. Animal work was approved
by the INIA corresponding Ethic Committee (authorization CEEA
2011/022). All efforts were made to minimize zebrafish suffering
during the course of these studies by monitoring for mortality 2e4
times a day. Those fish with external hemorrhages and alterations
in swimming were euthanized by an overdose of MS222 (meth-
anesulfonate 3-aminobenzoic acid ethyl ester) to minimize their
suffering. To harvest fins and/or lymphoid organs, zebrafish were
first euthanized by an overdose of MS222.

3. Results and discussion

3.1. Modulation of gene transcripts in the “complement and
coagulation cascades” pathway in VHSV-infected zebrafish fins and
lymphoid organs

Two-days after infection-by-immersion of zebrafish with VHSV,
more fin genes were differentially expressed (modulated) in the
“complement and coagulation cascades” KEGG pathway than in
many other immune-related pathways [8,10]. These published data
suggested an important participation of this pathway in the early
responses of zebrafish to rhabdoviral infections since fins are the
portal of entry for these viruses [3]. A more detailed analysis of the
corresponding gene-by-gene differential expressions in the above
mentioned pathway, showed that more genes were modulated in
fins (60.9%) than in lymphoid organs (17.1%) (Table 1). For example,
while f7, f9, f10, f5, proc, f2, fg, plg (coagulation pathway) and crp,
hbl4, c1s, c4, c2, h, c3, plg, c6, c8, c9 (complement pathway) genes
were upregulated in fins, only f7, hbl4, c4, c3, c7 and c9 were
upregulated in lymphoid organs. In contrast, only f8, vwf, and c7
were downregulated in fins or organs. The rest of the 41 genes in
fins or organs were not modulated (Table 1).

In addition, many of the highest 4e6-fold gene upregulations in
the fins were found on serpins (i.e. serpina1, serpinc1, serpinf2, ser-
pind1 and serping1) compared to lymphoid organs (Table 1, bold).
Only serpine1 remained notmodulated, in sharp contrast to the rest
of serpins in the fins (Table 1, bold). These data suggested that
serpins as well as other genes coding for inhibitors in this pathway
(i.e. proc, h), may be upregulated by the VHSV infection to favor viral
spreading by increasing hemorrhaging and delaying complement-
dependent cell lysis, except serpine1. These inhibitor upregula-
tions could be part of the general immunosuppression described
during early rhabdoviral infection of zebrafish with VHSV and other
rhabdoviruses [8e10].
3.2. Inhibition of VHSV infection in vitro could only be obtained by
SERPINe1-derived peptides

To investigate SERPIN-related mechanisms we inhibited their
activities. To inhibit SERPIN activities, we used 14-mer synthetic
peptides derived from the orthologous human/zebrafish SERPIN
RCL loops (Table 2), since they demonstrated highly specific inhi-
bition of SERPIN activities inmammals [11,12]. Fig. 2A (black circles)
shows that only the peptides derived from SERPINe1 inhibited
VHSV infection in a concentration-dependent manner
(50e250 mM) when peptides and VHSV were incubated before
being added to the cell monolayers. The rest of the SERPIN-derived
peptides did not show any inhibition compared to VHSV-infected
cell monolayers in the absence of any peptide (Fig. 2A open sym-
bols). Because similar results were obtained when the SERPIN-
derived peptides were added to the cells and washed before the
addition of VHSV to the cell monolayers (SERPINe1 in Fig. 2A, black
rectangles), the interactions of SERPINe1 inhibitory peptides must
occur inside the cells rather than with VHSV virions. On the other
hand, the absence of inhibition by other SERPIN-derived peptides
was not due to lower cell penetrating activities because they have
higher or similar predicted cell penetrating probabilities [24]
(Table 2). In view that only the SERPINe1-derived peptide inhibi-
ted VHSV infection, we focused the rest of the experiments in
exploring its possible practical applications. In addition, the SER-
PINd1-derived peptide having no effects on VHSV-infectivity was
chosen as a negative control.

We then tested the two peptides for in vitro inhibition of other
fish rhabdoviruses such as SVCV and IHNV. We found that both
SVCV and IHNV were also inhibited by the SERPINe1-derived
peptide (Fig. 2B and C, solid circles, respectively), but not by the
SERPINd1-derived peptide (Fig. 2B and C, open triangles). SVCV but
not IHNV (Fig. 2B and C, respectively) required 2e3-fold higher
SERPINe1-derived peptide concentrations to obtain similar levels of



Fig. 3. Inhibition of VHSV-infection of ZF4 cells by low molecular weight SERPINe1
inhibitors. The assays were similar to those described in Fig. 3, except that some of the
low molecular weight SERPINe1 inhibitors previously described [13,14] were used. C,
SERPINe1-derived peptide. ;, EGCG. =, tiplaxtinin. -, tannic acid. D, SERPINd1-
derived peptide used as a control peptide. The experiments were made by dupli-
cates. Standard deviations (<30% of the mean) were omitted for clarity. *, significantly
lower percentage of infected cells than those from VHSV-infected ZF4 cell monolayers
without peptide treatment at the p < 0.05 level (Student t test).
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inhibition than those obtained with VHSV (Fig. 2A). These results
confirmed that the inhibition of rhabdoviral infections by the
SERPINe1-derived peptide was caused by specific interactions with
the cells rather than with the virions.

To investigate whether the SERPINe1-derived peptide
(TKGSSATAAVIYSR) could be downsized and maintain its VHSV
inhibitory effects, we designed shorter peptides derived from its
amino-terminal, central or carboxy-terminal segments, corre-
sponding to the amino acid sequences TKGSSAT, AAVIYSR, TKGS,
SATA, and AVIYSR. However, none of these shorter peptides
inhibited VHSV-infection when tested in a similar range of molar
concentrations than the 14-mer SERPINe1-derived peptide. In
contrast, simultaneously assayed 14-mer SERPINe1-derived pep-
tide inhibited VHSV-infection (not shown). These results showed
that the high specificity of viral inhibition by the SERPINe1-derived
peptide required at least half of the 28-mer RCL sequence. Thus,
despite their lower molecular weight and therefore their higher
permeability, smaller SERPINe1-derived peptides were not capable
of inhibiting VHSV-infection. Because the SERPINe1-derived 14-
mer peptide requirement is highly specific, their inhibition of
SERPINe1 cleavage is the most probable explanation for its mech-
anism of action, such as demonstrated before in mammals [11,12].

To confirm that SERPINe1 was the target of its derived peptides
and to lower the costs of possible in vivo treatments, specific low
molecular weight drug inhibitors of SERPINe1 previously described
in the literature such as tannic acid, EGCG, and tiplaxtinin [13,14]
were also tested for in vitro inhibition of VHSV infectivity. We
found that VHSV infectivity was inhibited by all the low molecular
weight drug inhibitors tested at concentrations ~50-fold lower than
the SERPINe1-derived peptide and lower than those causing ZF4
cytotoxicity (Fig. 3). Therefore, since both the SERPINe1-derived
peptide and SERPINe1 specific drug inhibitors inhibited VHSV-
infection, an unknown serine protease X needs to be inhibited by
SERPINe1 for successful VHSV infectivity. Thus, when SERPINe1
was inhibited, inhibition of VHSV infectivity was observed because
the protease X inactivated VHSV infectivity. While unknown SER-
PINe1-targeted protease(s) X might be implicated in these mech-
anisms, other possible candidates are TPA, PLAUB and/or PLASMIN
(Fig. 1). Although we have no evidences to favor any of these pos-
sibilities, PLASMIN, is a serine protease not only implicated in
fibrinolysis but also in many other matrix protein breakdowns [25],
which could include some of the rhabdoviral proteins. On this
respect, serpine1 knock-out mice has shown that serpine1, tpa and
plg are implicated in controlling coronavirus infections inmammals
[26]. However, in coronavirus [26] and in yellow fever [27] in-
fections, serpine1 levels were upregulated contrary to what
occurred in fish rhabdoviruses. We can speculate that a dramatic
fighting between host and rhabdovirus could exist to control ser-
pine1 transcript levels during the initial course of fish rhabdoviral
infections. Thus, if serpine1 levels are downregulated, VHSV infec-
tion will be inhibited but host hemorrhages will increase. On the
contrary, if serpine1 levels become upregulated to increase VHSV
infection, host hemorrhages will be inhibited thus reducing the
opportunities for viral spreading. During the first 2-days after
infection, serpine1 transcriptional levels remained not modulated
(Table 1) because those 2 opposite effects.

3.3. Mortalities of zebrafish to VHSV infection were reduced after
treatment with tannic acid

To investigate whether the VHSV infection could be inhibited
in vivo, tannic acid was selected because its low costs could boost
possible practical applications. Since initial experiments showed
that a maximum of 50 mg of tannic acid could be administered to
adult zebrafish without inducing any mortalities during the
following days, that daily dose was delivered fish-to-fish by mouth.
Therefore, 50 mg of tannic acid was administered per 2.5 g of fish
per day during 3 days, corresponding to a total dose of 60 mg per g of
fish. A similar dose of tannic acid of 68 mg per ml (~40 mM)
caused ~ 95% inhibition of VHSV infectivity in vitro (Fig. 3). After
being challenged with VHSV, 15-day mortalities of tannic acid-
treated zebrafish were 52.3 ± 4.2% while those in the absence of
tannic acid treatment were 80.0 ± 8.8% (Fig. 4). We then added 10%
of tannic acid to the feed and fed zebrafish with feed containing
200 mg of tannic acid per fish per day during 10 days, corresponding
a total dose of 800 mg per g of fish. Mortalities after VHSV challenge
were 39.2 ± 1.0% while those feed without tannic acid were
60.0 ± 14.1% (Fig. 4).

4. Conclusions

We have identified most serpins of the “complement and
coagulation cascades” pathway as one of the key gene classes
upregulated after rhabdoviral infection in the fins of zebrafish.
Serpin upregulation would inhibit many of the downstream serine
proteases of that pathway confirming the immunosuppressive
early effects of many viral infections including fish rhabdoviruses
[7,8,10,28e30]. In contrast to the rest of serpins in this work, and in
contrast to its upregulation in solid tumors [31], viral-induced
hepatocarcinoma [32], and coronavirus [26] or yellow fever [27]
infections in mammals, serpine1 levels remained not modulated
during fish rhabdoviral infections. To explain serpine1 not modu-
lated levels, we hypothesized on the existence of conflicting in-
terests of SERPINe1 with fish rhabdoviral infectivity, since highly
specific inhibition of VHSV infectivity was obtained in vitro with a
14-mer peptide derived from SERPINe1 and other specific drugs but
not with those peptides derived from other SERPINs. In addition,
drugs targeting SERPINe1 such as tannic acid, successfully but
partially reduced mortalities to rhabdoviral infections of zebrafish
in vivo. This is an example of how the identification of host genes



Fig. 4. Mortalities after VHSV infection of zebrafish treated with tannic acid by mouth
or in the feed. Tannic acid described as one of the inhibitors of SERPINe1 [13] was
delivered to groups of 10 zebrafish of 2.5 g per fish by mouth with a pipette or by
adding it to the feed. To deliver tannic acid by mouth, 3-days before the VHSV infec-
tion, each zebrafish were given 10 ml of PBS containing 50 mg of tannic acid each day by
mouth. Mock-treated fish were given 10 ml of PBS. To deliver tannic acid with the feed,
3-days before and 7- days after VHSV infection, groups of 10 zebrafish were fed daily
with 20 mg of feed containing 10% of tannic acid (equivalent to 200 mg of tannic acid
per fish per day). Mock-fed fish were given the same amounts of feed. All the zebrafish
groups were finally infected with 107 ffu/ml of VHSV. Mock-infected zebrafish were
incubated with cell culture medium in parallel experiments. Percentages of cumulative
mortalities for each group of 10 fish and treatment were calculated by the formula, 100
x number of fish that die/10 fish. Means of cumulative percent mortalities and its
standard deviations from 3 experiments per treatment were then calculated (n ¼ 3). þ,
treated with a total of 60 mg of tannic acid per g of fish (by mouth) or 800 mg of tannic
acid per g of fish (by feed). �, treated with PBS (by mouth) or feed without tannic acid
(by feed). *, means significantly lower at the p < 0.05 level (Student t test) when
compared to the PBS (by mouth) or to the feed without tannic acid (by feed) control
groups.
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targeted by fish rhabdoviral infections obtained by using expression
microarrays, offered an alternative to explore possible drugs for
seasonal prevention of these diseases. Further work could allow for
higher reduction of VHSV infection with low molecular weight
drugs in larger fish.

Acknowledgements

Thanks are due to Paloma Encinas who performed most of the
experimental work. This work was supported by INIA project
RTA2013-00008-00-00, CICYT project AGL2014-51773-C3-1 and 2,
and AGL2014-53190 REDC of the Ministerio de Economía y Com-
petitividad of Spain.

References

[1] W. Ahne, H.V. Bjorklund, S. Essbauer, N. Fijan, G. Kurath, J.R. Winton, Spring
viremia of carp (SVC), Dis. Aquat. Org. 52 (2002) 261e272.

[2] B. Hoffmann, M. Beer, H. Schutze, T.C. Mettenleiter, Fish rhabdoviruses: mo-
lecular epidemiology and evolution, Curr. Top. Microbiol. Immunol. 292
(2005) 81e117.

[3] A. Harmache, M. Leberre, S. Droineau, M. Giovannini, M. Bremont, Biolumi-
nescence imaging of live infected salmonids reveals that the fin bases are the
major portal of entry for novirhabdovirus, J. Virol. 103 (2006) 3655e3659.

[4] B. Novoa, A. Romero, V. Mulero, I. Rodriguez, I. Fernandez, A. Figueras,
Zebrafish (Danio rerio) as a model for the study of vaccination against viral
haemorrhagic septicemia virus (VHSV), Vaccine 24 (2006) 5806e5816.

[5] B. Chinchilla, P. Encinas, A. Estepa, J.M. Coll, E. Gomez-Casado, Transcriptome
analysis of rainbow trout in response to non-virion (NV) protein of viral
haemorrhagic septicaemia virus (VHSV), Appl. Microbiol. Biotechnol. 99
(2015) 1827e1843.
[6] G.E. Sanders, W.N. Batts, J.R. Winton, Susceptibility of zebrafish (Danio rerio) to
a model pathogen, spring viremia of carp virus, Comp. Med. 53 (2003)
514e521.

[7] A. Lopez-Munoz, F.J. Roca, M.P. Sepulcre, J. Meseguer, V. Mulero, Zebrafish
larvae are unable to mount a protective antiviral response against waterborne
infection by spring viremia of carp virus, Dev. Comp. Immunol. 34 (2010)
546e552.

[8] P. Encinas, M.A. Rodriguez-Milla, B. Novoa, A. Estepa, A. Figueras, J.M. Coll,
Zebrafish fin immune responses during high mortality infections with viral
haemorrhagic septicemia rhabdovirus. A proteomic and transcriptomic
approach, BMC Genom. 11 (2010) 518e534.

[9] A. Estepa, J.M. Coll, Innate multigene family memories are implicated in the
viral-survivor zebrafish phenotype, Plos One 10 (2015) e0135483.

[10] P. Encinas, P. Garcia-Valtanen, B. Chinchilla, E. Gomez-Casado, A. Estepa,
J. Coll, Identification of multipath genes differentially expressed in pathway-
targeted microarrays in zebrafish infected and surviving spring viremia carp
virus (SVCV) suggest preventive drug candidates, Plos One 8 (2013) e73553.

[11] K. Skriver, W.R. Wikoff, P.A. Patston, F. Tausk, M. Schapira, A.P. Kaplan, et al.,
Substrate properties of C1 inhibitor Ma (alanine 434eglutamic acid). Genetic
and structural evidence suggesting that the P12-region contains critical de-
terminants of serine protease inhibitor/substrate status, J. Biol. Chem. 266
(1991) 9216e9221.

[12] M.S. Khan, P. Singh, A. Azhar, A. Naseem, Q. Rashid, M.A. Kabir, et al., Serpin
inhibition mechanism: a delicate balance between native metastable state
and polymerization, J. Amino Acids 2011 (2011) 606797.

[13] Y.M. Fortenberry, Plasminogen activator inhibitor-1 inhibitors: a patent re-
view (2006-present), Expert Opin. Ther. Pat. 23 (2013) 801e815.

[14] H. Elokdah, M. Abou-Gharbia, J.K. Hennan, G. McFarlane, C.P. Mugford,
G. Krishnamurthy, et al., Tiplaxtinin, a novel, orally efficacious inhibitor of
plasminogen activator inhibitor-1: design, synthesis, and preclinical charac-
terization, J. Med. Chem. 47 (2004) 3491e3494.

[15] M. LeBerre, P. De Kinkelin, A. Metzger, Identification s�erologique des rhab-
dovirus des salmonid�es, Bull. Off. Int. Epizoot. 87 (1977) 391e393.

[16] H.M. Engelking, J.B. Harry, J.C. Leong, Comparison of representative strains of
infectious hematopoietic necrosis virus by serological neutralization and
cross-protection assays, Appl. Environ. Microbiol. 57 (1991) 1372e1378.

[17] B. Chinchilla, P. Encinas, A. Estepa, J.M. Coll, E. Gomez-Casado, Optimization of
fixed-permeabilized cell monolayers for high throughput micro-neutralizing
antibody assays: application to the zebrafish/viral haemorragic septicemia
virus (VHSV) model, J. Virol. Methods 193 (2013) 627e632.

[18] N. Fijan, Z. Petrinec, D. Sulimanovic, L.O. Zwillenberg, Isolation of the viral
causative agent from the acute form of infectious dropsy of carp, Veterinary
Arch. 41 (1971) 125e138.

[19] W. Driever, Z. Rangini, Characterization of a cell line derived from zebrafish
(Brachydanio rerio) embryos, In Vitro Cell Dev. Biol. 294 (1993) 749e754.

[20] B. Chinchilla, E. Gomez-Casado, P. Encinas, A. Falco, A. Estepa, J. Coll, In vitro
neutralization of viral hemorrhagic septicemia virus by plasma from immu-
nized zebrafish, Zebrafish 10 (2013) 43e51.

[21] G. Lorenzo, A. Estepa, J.M. Coll, Fast neutralization/immunoperoxidase assay
for viral haemorrhagic septicemia with anti-nucleoprotein monoclonal anti-
body, J. Virol. Methods 58 (1996) 1e6.

[22] F. Sanz, J.M. Coll, Detection of viral haemorrhagic septicemia virus by direct
immunoperoxidase with selected anti-nucleoprotein monoclonal antibody,
Bull. Eur. Assoc. Fish. Pathol. 12 (1992) 116e119.

[23] S.S. Ristow, J.A. Deavila, Monoclonal-antibodies to the glycoprotein and
nucleoprotein of infectious hematopoietic necrosis virus (IHNV) reveal dif-
ferences among isolates of the virus by fluorescence, neutralization and
electrophoresis, Dis. Aquatic Org. 11 (1991) 105e115.

[24] T.A. Holton, G. Pollastri, D.C. Shields, C. Mooney, CPPpred: prediction of cell
penetrating peptides, Bioinformatics 29 (2013) 3094e3096.

[25] E.I. Deryugina, J.P. Quigley, Cell surface remodeling by plasmin: a new func-
tion for an old enzyme, J. Biomed. Biotechnol. 2012 (2012) 564259.

[26] L.E. Gralinski, A. Bankhead 3rd, S. Jeng, V.D. Menachery, S. Proll, S.E. Belisle, et
al., Mechanisms of severe acute respiratory syndrome coronavirus-induced
acute lung injury, mBio 4 (2013).

[27] S.E. Woodson, A.N. Freiberg, M.R. Holbrook, Coagulation factors, fibrinogen
and plasminogen activator inhibitor-1, are differentially regulated by yellow
fever virus infection of hepatocytes, Virus Res. 175 (2013) 155e159.

[28] M.K. Purcell, K.J. Laing, J.R. Winton, Immunity to fish rhabdoviruses, Viruses
Basel 4 (2012) 140e166.

[29] M.P. Sepulcre, E. Sarropoulou, G. Kotoulas, J. Meseguer, V. Mulero, Vibrio
anguillarum evades the immune response of the bony fish sea bass (Dicen-
trarchus labrax L.) through the inhibition of leukocyte respiratory burst and
down-regulation of apoptotic caspases, Mol. Immunol. 44 (2007) 3751e3757.

[30] M.P. Sepulcre, I. Munoz, F.J. Roca, A. Lopez-Munoz, V. Mulero, Molecular
strategies used by fish pathogens to interfere with host-programmed cell
death, Dev. Comp. Immunol. 34 (2010) 603e610.

[31] T. Wind, M. Hansen, J.K. Jensen, P.A. Andreasen, The molecular basis for anti-
proteolytic and non-proteolytic functions of plasminogen activator inhibitor
type-1: roles of the reactive centre loop, the shutter region, the flexible joint
region and the small serpin fragment, Biol. Chem. 383 (2002) 21e36.

[32] R. Divella, A. Mazzocca, C. Gadaleta, G. Simone, A. Paradiso, M. Quaranta, et al.,
Influence of plasminogen activator inhibitor-1 (SERPINE1) 4G/5G poly-
morphism on circulating SERPINE-1 antigen expression in HCC associated
with viral infection, Cancer Genom. Proteom. 9 (2012) 193e198.

http://refhub.elsevier.com/S1050-4648(15)30142-X/sref1
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref1
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref1
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref2
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref2
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref2
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref2
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref3
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref3
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref3
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref3
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref4
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref4
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref4
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref4
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref5
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref5
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref5
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref5
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref5
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref6
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref6
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref6
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref6
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref7
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref7
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref7
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref7
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref7
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref8
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref8
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref8
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref8
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref8
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref9
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref9
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref10
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref10
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref10
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref10
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref11
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref11
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref11
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref11
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref11
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref11
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref11
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref12
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref12
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref12
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref13
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref13
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref13
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref14
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref14
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref14
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref14
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref14
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref15
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref15
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref15
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref15
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref15
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref16
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref16
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref16
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref16
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref17
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref17
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref17
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref17
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref17
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref18
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref18
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref18
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref18
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref19
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref19
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref19
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref20
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref20
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref20
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref20
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref21
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref21
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref21
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref21
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref22
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref22
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref22
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref22
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref23
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref23
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref23
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref23
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref23
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref24
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref24
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref24
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref25
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref25
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref26
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref26
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref26
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref27
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref27
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref27
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref27
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref28
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref28
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref28
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref29
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref29
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref29
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref29
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref29
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref30
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref30
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref30
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref30
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref31
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref31
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref31
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref31
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref31
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref32
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref32
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref32
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref32
http://refhub.elsevier.com/S1050-4648(15)30142-X/sref32

	Inhibition of SERPINe1 reduces rhabdoviral infections in zebrafish
	1. Introduction
	2. Materials and methods
	2.1. Fish rhabdoviruses and cell culture
	2.2. Previously published experiments using zebrafish and its microarray data analysis
	2.3. Design and synthesis of SERPIN-derived peptides
	2.4. Inhibition assay of in vitro rhabdoviral infection by SERPIN-derived peptides and low molecular weight drugs
	2.5. Tannic acid treatment of zebrafish and infection with VHSV
	2.6. Zebrafish handling and ethics statement

	3. Results and discussion
	3.1. Modulation of gene transcripts in the “complement and coagulation cascades” pathway in VHSV-infected zebrafish fins and lym ...
	3.2. Inhibition of VHSV infection in vitro could only be obtained by SERPINe1-derived peptides
	3.3. Mortalities of zebrafish to VHSV infection were reduced after treatment with tannic acid

	4. Conclusions
	Acknowledgements
	References


