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ABSTRACT

Infectious salmon anemia virus (ISAV) is the etiological agent of the disease by the same name and causes major losses in the
salmon industry worldwide. Epizootic ISAV outbreaks have occurred in Norway and, to a lesser degree, in Canada. In 2007, an
ISAV outbreak in Chile destroyed most of the seasonal production and endangered the entire Chilean salmon industry. None of
the existing prophylactic approaches have demonstrated efficacy in providing absolute protection from or even a palliative effect
on ISAV proliferation. Sanitary control measures for ISAV, based on molecular epidemiology data, have proven insufficient,
mainly due to high salmon culture densities and a constant presence of a nonpathogenic strain of the virus. This report describes
an alternative treatment approach based on interfering peptides selected from a phage display library. The screening of a phage
display heptapeptide library resulted in the selection of a novel peptide with significant in vitro antiviral activity against ISAV.
This peptide specifically interacted with the viral hemagglutinin-esterase protein, thereby impairing virus binding, with plaque
reduction assays showing a significant reduction in viral yields. The identified peptide acts at micromolar concentrations against
at least two different pathogenic strains of the virus, without detectable cytotoxic effects on the tested fish cells. Therefore, anti-
viral peptides represent a novel alternative for controlling ISAV and, potentially, other fish pathogens.

IMPORTANCE

Identifying novel methods for the efficient control of infectious diseases is imperative for the future of global aquaculture. The
present study used a phage display heptapeptide library to identify a peptide with interfering activity against a key protein of the
infectious salmon anemia virus (ISAV). A piscine orthomyxovirus, ISAV is a continuous threat to the commercial sustainability
of cultured salmon production worldwide. The complex epidemiological strategy of this pathogen has made prophylactic con-
trol extremely difficult. The identified antiviral peptide efficiently impairs ISAV infection in vitro by specifically blocking hem-
agglutinin-esterase, a pivotal surface protein of this virus. Peptide synthesis could further modify the primary structure of the
identified peptide to improve specific activity and stability. The present results form the foundation for developing a new phar-
macological treatment against ISAV.

I nfectious salmon anemia (ISA) is a highly aggressive disease that
primarily affects Atlantic salmon (Salmo salar), one of the most
commercially relevant farmed fish. Outbreaks of ISA usually oc-
cur during the later stages of the production process, seriously
impacting industry sustainability due to high mortality rates (1).
The etiological agent of ISA is a relatively new virus within the
Orthomyxovirus family and is the only member of the Isavirus
genus (2). Termed the infectious salmon anemia virus (ISAV),
this pathogen has been reported in all salmon-producing coun-
tries, most notably in Canada, Norway, Scotland, the Faroe Is-
lands, and Chile (3—7). With specific regard to Chile, an epizootic
ISA outbreak took place in 2007 that reduced salmon production
by 64% (8).

This virus is horizontally transmitted from infected fish, either
through water or living vectors, suggesting that transmission can
occur between farms (9, 10). On the other hand, the recent detec-
tion of infective ISAV in the ovarian fluid and unfertilized eggs of
systemically infected brood stocks devoid of clinical signs suggests
the worrying possibility that vertical transmission may also occur
(11). All epizootic outbreaks are caused by viral strains with dele-
tions in a specific highly polymorphic region (HPR) of segment 6
in the viral genome (12). However, a nonpathogenic strain of
ISAV that contains a full-length HPR (HPRO) has been consis-
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tently detected at fish farms, possibly representing the precursor
strain from which the virulent types arise (13-15).

Continued growth in global demand pushes the aquaculture
industry to culture fish at higher densities, which places fish under
stress and, in turn, increases the risks of infection and disease.
Stressful rearing conditions are particularly relevant for ISAV as
the predominant HPRO variant may undergo a deletion in the
hemagglutinin-esterase (HE) gene, transitioning to an HPR-de-
leted type, as a result of infection and the high replication rate in
immunosuppressed hosts, thus generating known or novel viral
strains (15-17).

Efficient, continuous ISAV management and monitoring pro-
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grams in culture centers, which use molecular procedures to char-
acterize virus type and loads and which appropriately handle in-
fected fish and mortalities, have helped attenuate the spread of this
virus (18). As a result of these programs, 23% to 60% of Chilean
fish farms have been protected, according to theoretical epidemi-
ology and estimates based on reproduction numbers (19). Al-
though vaccination is regularly an important component in fish
health management, it has not provided the expected protection
against ISAV. A reasonable explanation for this could be that con-
fined, high-density growth conditions, among other aspects, may
generate chronic stress, which could negatively impact primary
and adaptive immune responses (20, 21).

Similarly to the influenza virus, the most studied of the mem-
bers of the Orthomyxovirus family, ISAV attachment and fusion to
the host cell are mediated by two viral membrane proteins, the
joint activity of which confers infectivity potential (22). Specifi-
cally, HE is coded by genomic segment 6 and carries the receptor-
binding domain (hemagglutinin) and receptor-destroying activ-
ity (esterase), much like influenza C virus (22). However, ISAV
fusion activity is related to a second membrane-bound protein,
which is termed the fusion protein (F) and is coded by segment 5
(23). The two proteins contain polymorphic regions that appear
related to the pathogenicity and virulence potential of different
strains. Specifically, insertions flanking the putative cleavage site
in the F protein and/or deletions in the HPR of the HE protein are
recognized molecular markers for high virulence (24, 25). Also,
similarly to the influenza virus, the viral cellular receptor of ISAV
is an N-acetylneuraminic acid, or sialic acid (Sia) (26).

A novel alternative to prophylactic measures, such as vaccines
and enzymatic inhibitors, is the use of viral entry blockers. Sialic
acid-containing polymers and lipids can block the interaction be-
tween HE and its receptor in the influenza virus (27). Further-
more, peptides derived from the suppressor of cytokine signal-
ing-1 protein and a fibroblast growth factor have shown in vivo
antiviral activity against various influenza strains from different H
subtypes, inhibiting the adhesion of viral particles to target cells
(28,29). In amore straightforward approach, Sia-mimicking pep-
tides identified from a peptide library act against H1 and H3 type
influenza strains at micromolar levels (27). Considering the high
conservation of the receptor-binding site on different ISAV
strains, this type of peptide may be an ideal tool for developing
novel antiviral strategies against this virus. This alternative offers
the additional benefit of peptide synthesis plasticity, which allows
the chemical introduction of modifications to improve molecule
functionality for a particular application.

In this study, a phage display heptapeptide library was screened
to identify molecules that specifically interact with ISAV HE or F
and that could interfere with the functions of these proteins. The
selected potential peptide sequences were chemically synthesized
and tested in vitro for antiviral activity. Through this approach, a
novel peptide molecule with remarkable in vitro antiviral activity
against different ISAV strains was characterized. This peptide spe-
cifically interacted with the ISAV HE protein, impairing virus ad-
hesion and cell infection and resulting in more than 90% viral
inhibition. Given its infection-preventing nature, this novel pep-
tide provides an attractive starting point for the further develop-
ment of antiviral solutions in aquaculture, particularly for alter-
natives independent of the fish immune system.
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TABLE 1 Primers used to amplify the open reading frames from
segments 5 and 6 of ISAV and to add restriction sites for cloning®

Primer name Primer sequence

SHEFwd ATGGCACGATTCATAATTTTATTC
3HERev TTAAGCAACAGACAGGCTC

5FFwd ATGGCTTTTCTAACAATTTTAG

3FRev TTATCTCCTAATGCATCCC

3pFLAG CTACTTGTCATCGTCATCC

5HENotI GCGGCCGCGATGGCACGAT

3HEsKpnl GGTACCTCTGTGATGTTCC

5FEcoRI GAATTCTATGGCTTTTCTAAC

3FsKpnl GGTACCGTTACTTCTTTTATACTG
3pFLAGXhol CTCGAGCTACTTGTCATCG

Seg8Fwd CTACACAGCAGGATGCAGATGT
Seg8Rev CAGGATGCCGGAAGTCGAT

Seg8Probe FAM-CATCGTCGCTGCAGTTC-TAMRA
ELFFwd CCCCTCCAGGACGTTTACAAA

ELFRev CACACGGCCCACAGGTACA

ELFProbe FAM-ATCGGTGGTATTGGAAC-TAMRA
—28glII GTATGGGATTTTGCTAAACAAC

“ The segment 8 (Seg8) and elongation factor 1a (ELF) primers were used for gene
expression analyses. The —28gIII primer was used for phage-DNA sequencing. The
restriction sites for cloning are underlined. FAM, 6-carboxyfluorescein; TAMRA,
6-carboxytetramethylrhodamine.

MATERIALS AND METHODS

Fish cell and ISAV cultures. Atlantic salmon kidney (ASK) cells (ATCC
CRL2747) (30) were cultured at 20°C in Leibovitz’s L-15 media with glu-
tamine (Gibco) and supplemented with 200 U ml™! penicillin, 200 pg
ml™! streptomycin, 0.5 pug ml~' amphotericin, and 10% fetal bovine
serum (Gibco). Cells were grown to 80% confluence and subcultured
accordingly.

Field isolates of ISAV corresponding to the HPR3 and HPR7b types
were obtained from the Laboratorio de Genetica e Inmunologia Molecu-
lar. For viral infection and propagation, an 80% confluent ASK cell mono-
layer was washed twice with L-15 media and covered with a viral dilution
prepared in L-15 media. After 4 h, the virus was removed, and the cells
were washed twice with L-15 media and cultured in 2% fetal bovine serum
L-15 media with antibiotics at 17°C. After 7 days, the cell supernatant was
filtered (using a 0.45-pm-pore-size filter), and the virus was collected. A
plaque assay was used for virus titer determinations 12 days postinfection
(dpi), as previously described (31).

Spodoptera frugiperda (S£21) cells and baculovirus. Spodoptera fru-
giperda (Sf21) cells were grown in adherent and suspension cultures using
SF-900 IIT media (Gibco) supplemented with 1% fetal bovine serum at
28°C. Suspension cells were seeded at 0.3 X 10° cells ml ™", agitated at 150
rpm in 500-ml flasks, and subcultured upon reaching 8 X 10°to 9 X 10°
cells ml™". Adherent cells were cultured in 75-cm” culture bottles and
subcultured at 80% confluence.

Cloning and recombinant baculovirus (rBaculovirus). The ISAVHE
and F genes were amplified through PCR using a cDNA sample from an
ISAV HPR7b infection in ASK cells. Three copies of the FLAG peptide
sequence (3XFLAG) were added to the 3’ end of the open reading frames.
The 3XFLAG sequence was amplified from the p3XFLAG cytomegalovi-
rus (CMV) 14 vector (Sigma-Aldrich). The 3XFLAG-tagged HE and
3XFLAG-tagged F sequences were cloned into the pFastBacl donor vec-
tor between the Notl/Xhol and EcoRI/Xhol sites, respectively. Accord-
ingly, PCR primers were designed to add restriction sites to the constructs
(Table 1). The PCRs were performed in a 20-pl reaction volume using a
c¢DNA sample (1 pl) from infected cells or 5 ng of plasmid as the template,
1X HF Phusion buffer (NEB), 200 uM deoxynucleoside triphosphates
(dNTPs), a 0.5 wM concentration of each primer, 1 M betaine, and 1 U of
Phusion DNA polymerase (NEB). The thermal conditions for PCR were
as follows: 3 min at 95°C, followed by 40 cycles of 30 s at 93°C, 30 s at 55°C,
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and 2 min at 72°C, with a final extension stage of 5 min at 72°C. RNA from
ISAV-infected cells was extracted 12 dpi using TRIzol reagent (Life Tech-
nologies) according to the manufacturer’s instructions. cDNA was syn-
thesized from 5 pg of total RNA with Moloney murine leukemia virus
(M-MLV) reverse transcriptase (Invitrogen) using 500 ng of oligo(dT),,_;4,
a 1 mM concentration of each ANTP, and 200 U of M-MLYV reverse trans-
criptase according to the manufacturer’s instructions. The PCR products
were cloned in the pCR2.1 vector using a TOPO TA cloning kit (Invitro-
gen). The cloned sequences were verified by sequencing (Macrogen,
South Korea) using M 13 primers. After digestion with restriction enzymes
(Promega) and gel electrophoresis, the gene fragments and the linearized
vector were purified with a GeneJET gel extraction kit (Thermo Fisher). A
mixture containing 10 ng of the pFastBacl vector, 50 ng of the HE or F
gene insertion, and 10 ng of the p3XFLAG sequence was ligated using a
rapid DNA ligation kit (Thermo Fisher) according to the manufacturer’s
instructions. Recombinant plasmids were isolated from transformed
DH5a cells grown in LB media with a GeneJET plasmid DNA kit (Thermo
Fisher).

Recombinant bacmids (rBacmid) were obtained through site-specific re-
combination of the donor plasmids pFastBac_ISAVHE and pFastBac_ISAVF
with a baculovirus shuttle vector contained in DH10Bac cells (Invitro-
gen), using the standard procedure described by the manufacturer. Re-
combinant bacmids were purified from a 50-ml culture of these cells on
LB media using an E.Z.N.A. BAC/PAC DNA Maxi kit (Omega).

Recombinant baculovirus (rBaculovirus) was obtained by transfecting
Sf21 cells with rBacmids. After 72 h, the supernatant was collected, cen-
trifuged at 500 X g for 5 min to remove cells and debris, and used to infect
new Sf21 cells on a 6-well plate. For viral amplification, cells were infected
at a multiplicity of infection (MOI) 0f 0.05 until a third round of infection,
reaching approximately 1 X 10® PFU ml ™. Viral titers were determined
with standard plaque assay methods and Neutral Red staining (Sigma-
Aldrich). Clear supernatants from the third round of infection were
termed rBacHE and rBacF, corresponding to HE and F rBaculoviruses,
respectively. The expression levels of recombinant HE and recombinant F
(rHE and rF, respectively) were determined at 24, 72, and 120 h postin-
fection (hpi) in Sf21 cells grown on 6-well plates at 23°C and infected at an
MOI of 10. Cells from each well were washed twice with Grace’s insect
medium (Gibco) and suspended in 100 pl of lysis buffer (50 mM Tris-HCI
[pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100). After incuba-
tion for 2 h on ice, the samples were sonicated at 20% amplitude for five
30-s repetitions, with 30 s of cooling between repetitions. The samples
were then centrifuged at 12,500 X g for 30 min; the supernatant was
recovered, and total protein concentration was measured using a bicin-
choninic acid (BCA) assay kit and bovine serum albumin (BSA) standard
(Pierce). Medium samples from each well were obtained and clarified by
centrifugation at 500 X g for 5 min, and total protein content was mea-
sured as described above. Cells and medium samples corresponding to 5
g of total protein were loaded on a 15% SDS-PAGE gel using NuPAGE
lithium dodecyl sulfate (LDS) sample buffer (Life Technologies) and, after
electrophoresis, were either stained with Coomassie brilliant blue G-250
or transferred to a nitrocellulose membrane (NitroBind). Western blot
analysis was performed using anti-FLAG M2 antibody (Sigma) at a 1:100
dilution or anti-ISAV HE (8D2/E9) or anti-ISAV F (8B2/A4) monoclonal
antibody (GrupoBios) at a 1:250 dilution and, as a secondary antibody,
horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody
(Thermo) at a 1:7,500 dilution. Membranes were revealed using a Westar
Supernova kit (Cyanagen) according to the manufacturer’s instructions.
The optimal time of infection for protein expression was 120 hpi, as de-
termined by Western blotting and cell viability analyses (CellTiter 96
AQueous One Solution cell proliferation assay; Promega).

Recombinant baculoviruses were used to infect 500 ml of suspension-
grown Sf21 cells at 6 X 10° ml~" and 23°C using an MOI of 10. After 120
h, the cells were pelleted at 500 X g, washed with Grace’s insect medium,
and suspended in lysis buffer, as described above. After incubation for 2 h
on ice, the samples were sonicated at 20% amplitude for five 30-s repeti-
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tions, with 30 s of cooling between repetitions. The samples were then
centrifuged at 12,500 X gfor 30 min. The supernatant was filtered through
a 0.45-pm-pore-size low-protein-binding filter (Edlab). The rHE and rF
were purified using an anti-FLAG M2 magnetic beads system (Sigma-
Aldrich) and a Magnetight separator stand (Novagen) according to the
manufacturer’s instructions. Protein concentration was measured using a
BCA assay kit and a BSA standard (Pierce). Purified proteins were further
analyzed using SDS-PAGE and Western blotting, as described above.

Phage heptapeptide library screening. For the biopanning process,
50 g of rHE or rF was used as a target. The recombinant proteins were
incubated overnight in coating buffer (0.1 M NaHCO; [pH 8.6]) in a
15-by-60-mm polystyrene petri dish. After the solution was removed, the
coating buffer plus 5% BSA was used to block nonspecific binding sites
through incubation for 1 h at 4°C. A 1-ml dilution containing 2 X 10"
PFU from the Ph.D.-7 phage display library (New England BioLabs) was
prepared in Tris-buffered saline (TBS)—0.1% Tween 20 washing buffer
and was then applied to the coated plate. After 1 h of incubation on a
rocking platform, nonbinding phages were discarded, and the plate was
washed 10 times with the TBS—0.1% Tween 20 washing buffer. Specific
interacting phages were eluted from the plate using 1 ml of 0.2 M glycine-
HCl (pH 2.2) and 1 mgml~ ' BSA. After 10 min of incubation, the solution
was recovered and neutralized with 150 pl of 1 M Tris-HCI (pH 9.1).
Eluted phage viruses were amplified and titers were determined according
to standard methods using Escherichia coli ER2738 cells (32). To improve
procedure selectivity, second and third rounds of panning were carried
out using 2 X 10'! PFU of the amplified phages recovered from the pre-
vious round, newly prepared rHE- or rF-coated plates, and TBS—-0.5%
Tween 20 washing buffer. Titer plaques from the third round of interact-
ing phages were used to amplify specific clones in ER2738 cells. Phage
DNA was purified using previously described methods (33). Briefly, 20%
polyethylene glycol (PEG)-2.5 M NaCl was used to precipitate the phages;
an iodide buffer (10 mM Tris-HCI [pH 8], 1 mM EDTA, 4 M sodium
iodide) was used to suspend the pellet, and a 15-min incubation period at
room temperature performed with absolute ethanol was used to precipi-
tate single-stranded DNA. The peptide sequence of individual clones was
determined by sequencing using the —28 gIII primer (Table 1) according
to the manufacturer’s instructions.

Peptide synthesis. Peptides were synthesized with the solid-phase
multiple-peptide system (34) using Fmoc amino acids (Iris Biotech) (0.65
meq/g of Rink Resin). The peptides were cleaved using trifluoroacetic
acid—triisopropylsilane—1.2-ethandithiol-ultrapure ~water (TFA/TIS/
EDT/H,0), in volume proportions of 92.5, 2.5, 2.5 and 2.5, and purified
by reversed-phase high-performance liquid chromatography (RP-HPLC)
with a 0% to 70% acetonitrile-water mixture gradient for 30 min at a flow
rate of 1 ml min~". The peptides were lyophilized and analyzed using
electrospray ionization-mass spectrometry (ESI-MS) to confirm molecu-
lar masses. All peptides were tested for cytotoxicity in ASK cells (72 h of
incubation at 1 mM) using a cell viability analysis system (CellTiter 96
AQueous One Solution cell proliferation assay; Promega) according to the
manufacturer’s instructions.

RT-PCR and plaque reduction assays. For qualitative real-time PCR
(qQRT-PCR) assays, 2,500 PFU of ISAV was used to infect an 80% conflu-
ent monolayer well of ASK cells on a 6-well plate (~2.5 X 10’ cells), as
described above (MOI 0f 0.01). Peptides in concentrations ranging from 0
to 500 wM were used to incubate the virus or cells in three different assays.
In detail, the following four groups for ISAV infection were used, as indi-
cated: (i) the ISAV inoculum was incubated with the peptide 30 min prior
to cell infection (Pre Inc Virus); (ii) the cells were incubated with each
peptide for 30 min prior to ISAV infection (Pre Inc Cells); (iii) the cells
were treated for 30 min with the peptide after ISAV infection (Post Inc
Cells); and (iv) as a control group, neither the ISAV inoculum or the cells
were subjected to pre- or posttreatment with the peptide. The cells were
washed twice with L-15 media after ISAV challenges or peptide incuba-
tions. RNA was extracted from the cells 48 hpi using TRIzol reagent (Life
Technologies) and suspended in 20 pl of diethylpyrocarbonate water. An
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FIG 1 Recombinant protein expression evaluated using the baculovirus system. (A) Western blot analyses of rBaculovirus-infected Sf21 cells, using the
anti-FLAG antibody and different sampling times postinfection. (B) Purified rHE and rF (100 ng) were analyzed on a stained SDS-PAGE gel. (C) Purified
proteins were analyzed by Western blotting using anti-ISAV HE- and F-specific antibodies.

RNA sample (2 pl) was used as a template for the QRT-PCRs with Strat-
agene qRT-PCR III master mix according to the manufacturer’s instruc-
tions. Primers were used to analyze the expression of viral genes (segment
8) (18) and of a cellular housekeeping gene (elongation factor la gene)
(35). The fold change of viral gene expression relative to that seen with
untreated controls was assessed using the threshold cycle (2724¢T)
method, as previously described (36) (Table 1).

Plaque assays were used to analyze the influence of the peptides on
viral infection. The titer of a 250-PFU viral inoculum was determined
after 30 min of incubation with the peptides at concentrations ranging
from 0 to 500 M, as previously described (31). The plaques were counted
at 12 dpi. The percentage of viral inhibition was calculated as 100(1 —
N/N,), where N and N, are the numbers of plaques in the presence and
absence of peptide treatment, respectively (27). The 50% inhibitory con-
centration (ICs,) value was obtained by interpolating the plot of log
fI(1 — f) versus log[peptide], where fis the fraction of infection activity rela-
tive to the number of plaques obtained without the peptide (f = 1) (37).

Hemagglutination inhibition assays. ASK cells grown in a 75-cm’
culture bottle were infected with ISAV HPR3 or HPR7b at an MOI of 0.01
as described above. After 7 days, the culture medium was removed, and
cells were washed twice with L-15 media. The cells were suspended in 500
l of phosphate-buffered saline (PBS) using a cell scraper. After three
rounds of freezing-thawing, cell debris were removed through centrifu-
gation at 12,000 X g for 10 min. The HE-containing supernatant was
collected and stored at —80°C until use.

Prior to blood collection, 10 pl of an anticoagulant solution contain-
ing 10 mM sodium citrate was added to syringes and collection tubes.
Then, blood samples (500 1) were obtained from presmolt Salmo salar
(40 g) after appropriate sedation in 0.001% benzocaine (Centrovet) for 10
min. Red blood cells (RBCs) were obtained via sedimentation after cen-
trifugation at 110 X g for 10 min. Cells were washed three times with PBS
and resuspended in the same buffer to obtain a 0.5% RBC suspension.

For the hemagglutination assay, a round-bottomed 96-well plate was
loaded with 50 pl of PBS in each well. Serial 1:2 dilutions were prepared by
pipetting 50 pl of the previously detailed HE-containing extract and 50 pl
of PBS on each well, recovering 50 wl, and mixing again in the next well.
The last well was used as a negative control (PBS only). Each well received
an additional 50 pl of the 0.5% RBC suspension and was incubated for 1
h. The RBCs appeared as a diffuse suspension in hemagglutination-posi-
tive wells, while the cells formed a notable layer of sediment at the bottom
of the well in hemagglutination-negative wells. The hemagglutination ti-
ter was calculated as the reciprocal dilution of the last well with a positive
result, expressed as HE units per milliliter. For the hemagglutination in-
hibition assay, a 50-pl aliquot of the HE extract, at 160 HE U ml ™!, was
incubated with 0, 0.5, 5, 50, or 500 uM peptide for 30 min, followed by
serial dilutions and RBC incubation as described above.

Statistical analysis. The results are presented as the means = standard
deviations of the results of triplicate determinations. The statistical signif-
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icance of the data was determined by using Student’s t test. P values of
<0.01, indicated by an asterisk (*), were considered significant.

RESULTS

Efficient recovery and expression of recombinant ISAV rHE and
rF proteins. Recombinant baculovirus-infected Sf21 cells were
analyzed through Western blotting (Fig. 1). Viral rHE and rF pro-
teins were clearly detected at 72 and 120 hpi, displaying the corre-
sponding expected masses of 38.7 and 46.9 kDa, respectively (Fig.
1A). Since cell viability (above 13 X 10° cells ml™") decreased soon
after this, 120 hpi was identified as the harvesting time for protein
expression, with no recombinant proteins detected in the culture
media (data not shown). The purity of immunopurified rHE and
rF proteins was confirmed by SDS-PAGE (Fig. 1B). Western blot
analysis of the purified proteins, using ISAV HE- and F-specific
antibodies, confirmed the protein identities (Fig. 1C).

Identification of rHE- or rF-interacting phage-displayed
peptides. Purified rHE or rF was used to screen a phage display
heptapeptide library. Following the third round of panning, 78
phage clones interacting with each protein were sequenced. After
redundant sequences related to nonspecific interactions with the
target in the rHE- and rF-interacting phages were removed, seven
different peptide sequences were found for rHE and six for rF.
Each sequence had a different number of reads from the total
selected, and the difference was expressed as a representation per-
centage. The 13 peptide sequences were chemically synthesized
and labeled GIMxxxx (Table 2). The de novo synthesized peptides
did not induce any cytotoxicity in ASK cells in concentrations of
up to 1 mM (2-fold the obtained IC,; data not shown).

Screening for antiviral activity of the selected peptides. All 13
peptides were initially analyzed for antiviral activity against the
highly virulent HPR3 ISAV strain by using qRT-PCR to assess
viral gene expression. The virus was incubated with a 50 or 500
.M concentration of each peptide for 30 min prior to infection of
ASK cells. Then, the qRT-PCR inhibitory profiles of different pep-
tides at 48 hpi were compared to data from an untreated control
(Fig. 2).

Of the chemically synthesized peptides, only the HE-specific
GIM2084 peptide showed significant activity against ISAV infec-
tion, inhibiting the expression of genomic segment 8 in a dose-
dependent manner. Viral gene expression decreased to 32% and
21% at GIM2084 concentrations of 50 and 500 M, respectively,
relative to the untreated control results. In contrast, the GIM2083,
GIM2085, GIM2086, GIM2087, GIM2088, GIM 2092, GIM2094,
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TABLE 2 Synthesized peptide sequences, targets, molecular weights,
and percent representation within the total number of peptides for each
target

Peptide Target Sequence Mol wt Representation (%)
GIM2083 HE VVPWAGL 739.92 12.5
GIM2084 HE WTVHTLS 841.97 25
GIM2085 HE HMFPWRQ 1,000.2 12.5
GIM2086 HE QSWLPSL 828.97 8.4
GIM2087 HE GYKDEFSA 785.86 16.6
GIM2088 HE RILITIP 824.08 12.5
GIM2089 HE WASKVAR 815.97 8.4
GIM2090 F TPARHIY 856 16.6
GIM2091 F TLLRVDN 828.97 11.1
GIM2092 F GSGNAFM 681.77 27.7
GIM2093 F MPLGFKA 761.99 16.6
GIM2094 F NERALTL 814.94 16.6
GIM2095 F VQPIPAT 723.87 11.1

and GIM2095 peptides significantly and positively affected the
expression of viral genes, with up to a 4-fold change relative to the
control (GIM2088 at 50 wM). Finally, the GIM2089, GIM2090,
GIM2091, and GIM2093 peptides had no significant effects on the
expression of viral genes (Fig. 2).

To further define the antiviral activity displayed by GIM2084,
either the viral inoculum (HPR3 strain) or the target ASK cells
were exposed to different concentrations of the peptide, either
before or after infection. The inhibitory effect displayed by
GIM2084 (i.e., decreased viral gene expression) was detected only
when the virus was exposed to the peptide prior to cell infection
(Fig. 3).

To evaluate the antiviral activity of GIM2084 against other
ISAV strains, ASK cells were infected with peptide-pretreated
ISAV HPR7b. The expression levels of ISAV in ASK cells infected
with peptide-pretreated HPR3 and HPR7D strains were compared
to the levels seen with an untreated control. Both viral strains were
inhibited in a dose-dependent manner (Fig. 4).

A hemagglutination inhibition assay confirmed the interaction
of GIM2084 with viral HE. The peptide impaired viral protein
interaction with its receptor on the surface of salmon RBCs (Fig.
5). Identical dose-dependent responses were found for the HPR3
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and HPR7b viral strains, with a 4-fold reduction on hemaggluti-
nation units at 500 wM for both strains.

To functionally evaluate the antiviral activity of GIM2084,
plaque reduction assays were performed with peptide-pretreated
HPR3 and HPR7b ISAV strains. The inhibitory profiles for both
strains showed a dose-dependent reduction in the number of
PFU, where the IC5,s for HPR3 and HPR7b were 11.5 and 7.4 pM,
respectively (Fig. 6).

DISCUSSION

The present study identified a novel peptide inhibitor of ISAV
(GIM2084) that displayed significant activity against two different
strains of this virus at micromolar concentrations. Specifically, the
identified peptide targeted the surface HE protein, known to be
pivotal for viral infectivity. This novel molecule was selected after
screening a phage-displayed heptapeptide library, in a procedure
specifically directed against viral surface proteins expressed in a
heterologous system. Once the primary sequence of the selected
peptide was determined, mass production was achieved through
chemical synthesis, with synthetic peptides fully conserving the
desired specific interaction.

A key element for biopanning is the use of appropriate mimics
with structural properties as similar as possible to those of the
original target molecule. For the influenza virus, high quantities of
purified particles are used as targets in biopanning (27, 38, 39).
Considering that the growth of ISAV is not comparable with that
of the influenza virus, a feasible alternative is to use heterologous
expression levels and to purify the selected proteins for use as
targets in biopanning. Heterologous expression of ISAV HE was
previously reported using the baculovirus system, with high yields
of a functional protein in terms of receptor binding and destroy-
ing activities (40). This system was used in the present study and
was expanded to include the expression of the F protein from
ISAV, another viral membrane protein widely recognized as a vir-
ulence marker. The F protein participates in the virus-cell fusion
process and is activated by cellular proteases and a low pH inside
the endosome (23). This key role makes this protein an interesting
target for developing inhibitory molecules.

Both HE and F were efficiently expressed in the baculovirus
system, with no apparent secretion of the recombinant proteins
into the culture media (data not shown). Approximately 50 g of
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FIG 2 Peptide inhibition of ISAV infection with an HPR3 strain in ASK cells at 48 h postinfection. The antiviral activity of all peptides was tested using QRT-PCR
to analyze the expression of viral segment 8 and the elongation factor 1o (ELF) housekeeping gene in cells. C;. values for segment 8 and the ELF gene were used
to calculate fold changes in expression of ISAV relative to the untreated-control levels (No Pep). Two peptide concentrations were used to analyze the effect of
the dose. The horizontal dashed line indicates the expression level for the untreated control. *, P < 0.01.
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FIG 3 Antiviral activity of the GIM2084 peptide prior or posterior to ISAV HPR3 infection. Different concentrations of GIM2084 were used to treat cells before
infection (white bars), to treat the virus before infection (black bars), or to treat cells after infection (gray bars). The expression levels of segment 8 and ELF were
used to calculate fold changes, using the untreated virus as a control (concentration = 0). The horizontal dashed line indicates the expression level for the

untreated control. *, P < 0.01.

each protein was obtained from 300 ml of suspension-grown Sf21
cells (data not shown). SDS-PAGE and Western blot analyses us-
ing monoclonal antibodies against ISAV HE and F, as well as the
determined theoretical molecular weights, validated the identities
of both recombinant proteins (Fig. 1B and C).

Specific clones from a phage display heptapeptide library in-
teracted with rHE and rF. Although 20 different peptide sequences
were obtained after three consecutive biopanning rounds, only
seven and six phage clones specifically interacted with rHE and rF,
respectively. On the other hand, seven peptide sequences were
found in the phages of both proteins and were attributed to non-
specific interactions. Each specific and nonspecific sequence cor-
responded to a different representation percentage of the total
number, which may have been due to different affinities for the
target proteins (27) (Table 2). No common sequence or pattern
was found among the peptides, probably due to exclusive interac-
tion sites for each peptide on the respective target protein. All
peptides were successfully synthesized using the solid-phase mul-
tiple-peptide system (34).

Initially, qRT-PCR was used to analyze the potential antiviral
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—{+—HPR7b
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FIG 4 GIM2084 peptide activity against ISAV strains HPR3 and HPR7b. Vi-
rus samples were pretreated with different concentrations of GIM2084. The
expression levels of segment 8 and ELF were used to calculate fold changes,
using the untreated virus as a control. The horizontal dashed line indicates the
expression level for the untreated controls. *, P < 0.01 (with *,- indicating
significance for only HPR3 and *,* indicating significance for both HPR3 and
HPR7b).
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activity of all chemically synthesized peptides, evaluating viral
gene expression in ASK cells after infection with peptide-treated
or -untreated samples. This assay showed the differentiated im-
pact of each peptide on ISAV gene expression in vitro. Treatment
with 8 of the 13 selected peptides resulted in enhanced expression
of viral segment 8, with up to a 4-fold increase relative to the
untreated control (GIM2088) (Fig. 2). Since the peptide library
screening process was not specifically designed to obtain only HE-
or F-blocking peptides but simply to obtain interacting peptides,
there was no initial discrimination to prevent the selection of in-
fection-enhancing molecules. Interestingly, most of the synthe-
sized peptides do have an impact on ISAV gene expression, rein-
forcing the idea that there is some level of interaction with the
virus, thus validating the present experimental approach.
Although unexpected, the observed positive effect of some
peptides on ISAV infection merits a few words. In particular, this
effect could be related to the conformational dynamics that both
ISAV membrane proteins need to acquire to promote cell receptor
recognition and trigger infection. During cell surface adhesion
and activation of the fusion mechanism, the ISAV HE and F pro-
teins become physically separated from each other on the viral
surface. This is a key step for viral entry into the cell (41). In

160 +— —-————— —-————— S S S M S
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GIM2084 Concentration (uM)
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FIG 5 Hemagglutination inhibition by GIM2084. A protein extract from
ISAV-infected ASK cells, containing 160 HE U ml ™', was incubated with dif-
ferent concentrations of GIM2084 prior to a hemagglutination assay. The in-
hibitory effect was tested in HE-containing extracts obtained from cells in-
fected with the HPR3 or HPR7b ISAV strain. Three replicates of the assay were
performed, with exactly the same results. The horizontal dashed line indicates
the hemagglutination unit concentrations for the untreated control.
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FIG 6 GIM2084 peptide plaque reduction activity against two strains of ISAV. The HPR3 (O) and HPR7b ([J) viral strains were incubated with different
concentrations of GIM2084 prior to cell infection. (A) A higher peptide concentration was related to a lower number of plaques for both strains. (B) The
proportions of inhibition reached 89% and 91% for HPR3 and HPR7b, respectively, at the highest concentration of peptide (500 uM). ICss are indicated for
both viral strains. *, P < 0.01 (with *,- indicating significance for only HPR3 and *,* indicating significance for both HPR3 and HPR7b).

relation to the presently observed positive effect, it is reasonable to
hypothesize that a peptide interacting with either HE or F prior to
viral adhesion and cell infection might affect the dynamics be-
tween these two proteins, enhancing protein dissociation and se-
lectively modifying the fusion and viral entry processes. There-
fore, although the discovery of these virus-enhancing peptides was
not the aim of this study, this knowledge contributes to our un-
derstanding of viral infection, which could be useful in future
research.

One peptide, GIM2084, had a significant inhibitory effect on
viral gene expression (Fig. 2). This peptide was highly represented
among the initially selected clones (25% of total reads; Table 2).
This characteristic may constitute an additional feature for further
selecting interfering peptides (27). This observed high representa-
tion may be related to a high affinity for the target protein (HE), as
demonstrated by a dose-dependent inhibitory effect and the low
ICso (11.5 M) for the HPR3 strain (Fig. 2 and 6). There was a
specific dependence of the inhibitory effect on the time of peptide
exposure to the virus (i.e., pre- versus postinfection). Clearly,
GIM2084 inhibited infection only when it was preincubated with
the virus (Fig. 3), suggesting a direct interaction with the viral
particle. Indeed, plaque reduction analysis sustained the signifi-
cant effect of GIM2084 on the number of PFU, supporting the
interpretation that the action mechanism is not related to the in-
hibition of viral gene expression but rather to the inactivation of
infective viral particles. Plaque reduction analysis further demon-
strated the antiviral activity of the peptide, with plaque formation
inhibition reaching up to 89% and 91% for the aggressive HPR3
and HPR7D strains, respectively, at a peptide concentration of 500
M (Fig. 6). The peptide showed similar dose-dependent effects
for the two viral strains, with IC5,s of 11.5 and 7.4 wM for HPR3
and HPR7b, respectively.

Although no experimental structural information has been re-
ported for ISAV HE, bioinformatics analysis has identified some
key elements on the primary structure of this protein, with a pu-
tative receptor-binding site being highly conserved among differ-
entstrains of ISAV (22). Interestingly, GIM2084 presented similar
activities in regard to gene expression and plaque reduction
against the two tested strains, suggesting that the interaction site
with the target protein (HE) is conserved (Fig. 4 and 6). Antiviral
peptides have already been developed for influenza viruses (28, 29,
39), the action mechanisms of which block the Sia-binding site on
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HE (27). Given that the antiviral activity of GIM2084 is dependent
on the time of application (i.e., before viral adhesion) and that the
site of interaction on HE seems to be conserved among different
strains, blockage of the Sia-binding site on ISAV HE may also be
the action mechanism of GIM2084 (18). Hemagglutination inhi-
bition assays supported the idea that GIM2084 has a dose-depen-
dent, negative influence on the HE-receptor interaction in salmon
RBCs, reducing the HE U ml™" from 160 to 40 at 500 uM. These
effects were identical for the two viral strains (Fig. 5), reinforcing
the idea of an interaction site conserved among different HEs and
suggesting that this may correspond to the highly conserved Sia-
binding site.

In summary, peptide library screening for rHE and rF from
ISAV was successfully used to find a molecule that blocked the
initial events of viral infection in vitro. As determined by hemag-
glutination inhibition and plaque reduction assays, a chemically
synthetized peptide specifically interacted with HE and blocked
viral protein interaction with cell receptors. The impairment of
viral entry is an interesting approach for viral treatments, espe-
cially considering that this technique could prevent the spread of
disease and subsequent viral evolution, particularly for a water-
borne virus such as ISAV.

Putative interaction with the pivotal HE protein constitutes an
attractive strategy that should be considered in the development
of peptide-driven prophylactic measures against viral pathogens
in aquaculture. Considering that peptide-coated surfaces with an-
tibacterial activity have shown promising results (42, 43), the cap-
ture of ISAV on peptide-loaded surfaces (e.g., nets) and the even-
tual inactivation of the virus in the water are possible options for
the effective use of these molecules in fish farms (44). Given its
action mechanism (i.e., interaction with viral surface proteins,
blocking the receptor-binding site), a modified version of
GIM2084 could be an ideal candidate for these types of applica-
tions. Moreover, the chemical synthesis of peptides certainly of-
fers the possibility of designing and modifying molecules accord-
ing to specific needs. Mutated versions of the original peptide
could be developed to further explore the action mechanisms of
GIM2084 and the importance of specific peptide residues in inter-
actions with HE (e.g., alanine scanning). Based on these results,
future research will focus on improving the antiviral activity of
GIM2084 and/or on developing appropriate delivery systems for
in vivo application.
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