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ABSTRACT Antigen epitope identification is a critical step in the vaccine development
process and is a momentous cornerstone for the development of safe and efficient epi-
tope vaccines. In particular, vaccine design is difficult when the function of the protein en-
coded by the pathogen is unknown. The genome of Tilapia lake virus (TiLV), an emerging
virus from fish, encodes protein functions that have not been elucidated, resulting in a lag
and uncertainty in vaccine development. Here, we propose a feasible strategy for emerg-
ing viral disease epitope vaccine development using TiLV. We determined the targets of
specific antibodies in serum from a TiLV survivor by panning a Ph.D.-12 phage library, and
we identified a mimotope, TYTTRMHITLPI, referred to as Pep3, which provided protection
against TiLV after prime-boost vaccination; its immune protection rate was 57.6%. Based
on amino acid sequence alignment and structure analysis of the target protein from TiLV,
we further identified a protective antigenic site (399TYTTRNEDFLPT410) which is located on
TiLV segment 1 (S1). The epitope vaccine with keyhole limpet hemocyanin (KLH-S1399–410)
corresponding to the mimotope induced the tilapia to produce a durable and effective
antibody response after immunization, and the antibody depletion test confirmed that the
specific antibody against S1399–410 was necessary to neutralize TiLV. Surprisingly, the chal-
lenge studies in tilapia demonstrated that the epitope vaccine elicited a robust protective
response against TiLV challenge, and the survival rate reached 81.8%. In conclusion, this
study revealed a concept for screening antigen epitopes of emerging viral diseases, pro-
viding promising approaches for development and evaluation of protective epitope vac-
cines against viral diseases.

IMPORTANCE Antigen epitope determination is an important cornerstone for devel-
oping efficient vaccines. In this study, we attempted to explore a novel approach for
epitope discovery of TiLV, which is a new virus in fish. We investigated the immunoge-
nicity and protective efficacy of all antigenic sites (mimotopes) identified in serum of pri-
mary TiLV survivors by using a Ph.D.-12 phage library. We also recognized and identified
the natural epitope of TiLV by bioinformatics, evaluated the immunogenicity and protec-
tive effect of this antigenic site by immunization, and revealed 2 amino acid residues
that play important roles in this epitope. Both Pep3 and S1399–410 (a natural epitope
identified by Pep3) elicited antibody titers in tilapia, but S1399–410 was more prominent.
Antibody depletion studies showed that anti-S1399–410-specific antibodies were essential
for neutralizing TiLV. Our study demonstrated a model for combining experimental and
computational screens to identify antigen epitopes, which is attractive for epitope-based
vaccine development.
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Antigen selection is a key step in vaccine design. Initially, vaccines were prepared
with the whole virus as an antigen, including live attenuated vaccines and inacti-

vated vaccines. A vaccine against smallpox, a live attenuated vaccine that saved count-
less lives and led to the eradication of the disease in 1977, has been on the market
since 1796 (1). Widespread vaccination with injectable inactivated polio vaccine and
live attenuated oral polio vaccine has brought poliovirus infinitely close to eradication
(2). One of the first vaccines to be used in the 2019 coronavirus disease (COVID-19)
pandemic was an inactivated vaccine, which has contributed to the control of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (3, 4). However, live attenuated
and inactivated vaccines do not target a specific antigen, and their vaccine targets are
ambiguous. With the analysis of the genome sequence of SARS-CoV-2 and the study of
vaccines against SARS-CoV-1 and Middle East respiratory syndrome coronavirus (MERS-
CoV), the spike (S) protein on the virus surface may be an ideal target for vaccine devel-
opment (3–6). Until now, the development of a SARS-CoV-2 vaccine based on S protein
as antigen target was the most widely studied example, and the vaccine types
included mRNA vaccine, DNA vaccine, recombinant subunit vaccines, and virus vector-
based vaccines (6). With continued research developments, it was found that the re-
ceptor-binding domain (RBD) on the S protein binds to angiotensin-converting
enzyme 2 on host cells, which leads to SARS-CoV-2 invading cells; therefore, the vac-
cine target was focused on RBD (4, 7–9). The development of monoclonal antibodies
targeting the S protein stem helix has encouraged researchers to design antigens based
on the heptad repeat 1 (HR1) and heptad repeat 2 (HR2) regions (10, 11). Notably, pro-
tective epitope peptide vaccines against the S protein have been developed, and anti-
bodies targeting these peptides can effectively neutralize SARS-CoV-2 and its variants
(12–14). The refinement of antigen targets does not reduce the efficacy of vaccines but
makes the preparation and safety of vaccines more reliable. Antigenic epitopes, also
known as antigenic determinants, are the smallest antigen regions required to trigger
the required immune response and are a sensible way to achieve immune focus and de-
velop safe vaccines (15). Therefore, epitope-based approaches to vaccine design are
probably the most ideal for development of vaccines in the future.

Revolutionary developments in information technology and molecular biology, as
well as the growth of genomic data repositories, have led to an increase in the popu-
larity of epitope-based vaccine design among researchers. Bioinformatics-based vac-
cine design has been referred to as reverse vaccinology (16). In fact, the first vaccine
based on reverse vaccinology, for meningococcus B, was recently licensed (17, 18).
Currently, the development of epitope-based peptide vaccines with the help of immu-
noinformatics platforms has been used in a variety of diseases, for example, SARS-CoV-
2 (19), Kaposi sarcoma (20), yellow fever virus (21), MERS-CoV (22), and Theileria para-
sites (23). However, most epitope vaccines based on immunoinformatics have not
been validated in vivo, and different epitope prediction servers and software used will
also lead to different results. Technological innovations in structural biology provide
fine-grained molecular structure information, and structure-guided vaccine antigen
design is on the rise, marking the advent of an era of “reverse vaccinology 2.0” (24).
Based on the structural characterization of HIV-1 broad-spectrum neutralizing antibody
VRC34.01 in complex with envelope protein, it was found that the antibody directed
most of its binding energy to 8 amino acid residues in the conserved N-terminal region
of HIV-1 fusion peptides (25). This binding feature encouraged researchers to develop
fusion peptide-based immunogens targeting the 8 amino acid residues at the N termi-
nus of the fusion peptide as a vaccine target, and these immunogens elicited monoclo-
nal antibodies in mice were capable of neutralizing 31% of a cross-clade panel of 208
HIV-1 strains (26). In addition, the B cell epitopes of SARS-CoV-2 spike (S), envelope (E),
membrane (M), and nucleocapsid (N) proteins were simulated and predicted by a
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structure-based method, and the immunogenicity of the epitopes was verified by
immunizing mice; it was found that 11 predicted epitopes could induce neutralizing
antibodies, 6 of which were immunodominant epitopes (27). Structure-based immunogens
require first the isolation and resolution of the monoclonal antibody structure, and second
the understanding of the target antigen of the virus. However, these requirements are
undoubtedly disastrous for vaccine antigen design for an emerging viral disease. In addi-
tion, the cost of organism structure resolution is enormous, and only a small fraction of pro-
tein structures is currently resolved. Therefore, epitope identification based on refined pro-
tein structure is currently inapplicable in most diseases, particularly emerging diseases.

Phage display technology entails display of recombinant peptides or proteins on the
surface of phage particles and then of select target peptides or proteins through the inter-
action between phages and selected fixed ligands; it is the first genetic engineering tech-
nology used to study protein-ligand interactions, which were first reported by Smith in
1985 (28). At present, phage display technology has been widely used in epitope screen-
ing, which provides a favorable tool for the development of epitope vaccines. For example,
the genome fragment phage display library of Ebola virus (EBOV) was spanned to identify
the immunodominant sites on the glycoprotein of EBOV, and it was determined that these
epitopes could induce EBOV neutralizing antibodies and protect against lethal doses of
EBOV challenge (29). In addition, the commercial random phage display peptide library
was used to screen and identify the B cell epitope of a bovine diarrhea virus core protein
and a novel mimic epitope peptide for duck hepatitis A virus (30, 31). Guo et al. used
COVID-19 serum to screen the phage display peptide library and found B cell epitopes
located on the NP protein and the S protein, whose amino acid residues were TLPK and
VGG, respectively (32). Among them, the VGG residue sequence overlapped highly with
the recognition epitope of a previously discovered SARS-CoV-2 neutralizing antibody, P2B-
2F6 (33), which indicated that the epitope vaccine developed based on the VGG residue
may have enormous application potential (32). Random peptide libraries (RPLs) and natu-
ral peptide libraries are two different types of phage display library; the peptide sequences
displayed by RPLs are encoded by synthetic random degenerate oligonucleotides, and the
advantage of these display libraries is that it can be applicable to all pathogens and it is
positive for rapid screening and identification of epitopes of some emerging diseases (34,
35). However, in most cases, the amino acid composition obtained by RPL screening is not
exactly the same as the natural epitope in the target pathogen. However, these peptides
unrelated to pathogens mimic continuous or discontinuous epitopes in function, so they
are also called mimotopes (36, 37). Fortunately, with the development of bioinformatics,
we can infer the epitopes corresponding to specific pathogen target proteins according to
the amino acid sequence of the simulated epitopes using a sequence alignment software
program and then further identify these epitopes through biological characterization.

Tilapia lake virus (TiLV) is an emerging viral disease of aquatic animals which mainly
affects Nile tilapia (Oreochromis niloticus) and hybrid tilapias. Studies have shown that
TiLV is an enveloped, negative, single-stranded RNA virus with 10 segments in its ge-
nome (38–43), each with an open reading frame, which may encode a total of 14 pro-
teins (44). Genomic homology analysis showed that segment 1 had weak homology
with the PB1 subunit of influenza C virus (38), segments 1, 2, 4, and 5 had strong
homology with Dhori virus, evolution of segments 6, 7, and 8 was similar to that of
influenza virus, and segment 3 showed weak homology with infectious Salmon anemia
virus (44). Unfortunately, however, the function of the protein encoded by TiLV is cur-
rently poorly understood, which seriously hampers the development of a vaccine
against this virus. Although studies have described a TiLV vaccine (45–48), the antigen
is uncertain and there is a gap in the antigenic epitopes of TiLV. In this study, our strat-
egy was to use a Ph.D.-12 phage library to screen phage-positive clones that bound
with serum antibodies and to comprehensively evaluate the possibility of synthetic
peptides displayed by phage-positive clones as immunogens through an enzyme-
linked immunosorbent assay (ELISA), in vivo immunogenicity evaluation, and the analy-
sis of the ability to provide protection for lethal TiLV. Subsequently, discovering and
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designing the natural epitope of TiLV relied on an in silico study and determination of
the reliability of the real epitope by ELISA, an amino acid mutation study, and antibody
reaction test induced in tilapia. To reveal the importance of this epitope as a vaccine
antigen of TiLV, we conducted tilapia immunization and TiLV challenge studies on
the antigen sites identified in our study to establish a proof of concept, which can
guide rational vaccine design against TiLV. Furthermore, this study provides an epi-
tope peptide-based antigen design strategy for emerging diseases, including viral or
bacterial diseases, to deal with infectious diseases.

RESULTS
Identification of TiLV-specific mimotopes by Ph.D.-12 phage library. As shown

in Fig. 1A, a Ph.D.-12 phage display library was used for the screening of serum sam-
ples derived from fish recovered after infection with TiLV tilapia to identify TiLV-specific
mimotopes. Notably, to identify convalescent-phase serum TiLV-specific IgM antibody
titers, we performed an ELISA on convalescent-phase sera and TiLV-negative sera prior
to biopanning. The results showed that the antibody titer of IgM in convalescent-phase
serum was about 1,300, which was significantly higher than that in negative serum
(see Fig. S1 in the supplemental material). Subsequently, 3 rounds of consecutive bio-
panning were carried out with convalescent-phase serum as bait, and the number of
enriched phages increased from 6.70 � 105 in the first round of panning to 5.80 � 107

after the third round of panning, and the enrichment efficiency increased from the ini-
tial 4.47 � 1026 to 3.87 � 1023 (Table 1, Fig. 1B), indicating that the phage that specifi-
cally binds to the antibody was effectively enriched and its enrichment factor was 865-
fold. After 3 rounds of affinity panning, 22 independent phage clones were randomly
picked for purification to complete DNA sequencing. The sequencing results found
that all phages contained 9 different peptide sequences, among which the peptide
sequence TYTTRMHITLPI had 5 occurrences, NAYVDMSRTKFF had 3 occurrences, and
both QQMHEWYFQSLP and AHVAITTDIIWT had 2 occurrences, and others were found
in a single occurrence (Fig. 1C, Table 2).

To determine the binding activity of phage clones carrying these 9 peptide epitopes
to serum antibodies, we performed a phage ELISA. The results showed that among the 9
peptides displayed by phage, 6 phage clones showed positive reactions, that is, the opti-
cal density at 450 nm (OD450) of the sample was greater than 2.1� that of the control
(Fig. 1D). Among all the identified positive phage clones, their binding activities were
denoted, from high to low, as Pep1, Pep2, Pep3, Pep4, Pep5, and Pep6. To this end, we
synthesized the six corresponding peptide molecules and reverified the reactive ability
of the synthetic peptides to serum with ELISA. The results showed that the 6 synthetic
peptides had reactivity with TiLV-positive serum and showed a significant dose effect
(Fig. 1E). In addition, the specific binding of different synthetic peptides to anti-TiLV se-
rum was further explored by competitive ELISA, and it was found that 6 synthetic pep-
tides could competitively inhibit the specific binding of TiLV to anti-TiLV serum, among
which Pep3 and Pep6 had the most significant inhibitory effect (Fig. 1F).

Immunization of tilapia with mimotopes induced humoral immunity in vivo. To
understand changes in epitope-specific serum antibody responses induced by mimo-
tope vaccination, serum antibody levels of epitope-specific IgM were measured at 7,
14, 21, 28, 35, and 42 days after primary vaccination (Fig. 2A). At 7 days after the prime
vaccination, the serum antibody level in the Pep5-immunized group was the highest
and then decreased; after 14 days of the booster immunization, the serum antibody
level was still in the rising stage, but then it declined sharply (Fig. 2B). In addition, we
observed that the serum antibody levels of the Pep4-immunized group reached the
highest level 14 days after immunization, regardless of whether it was prime or booster
(Fig. 2B). However, high levels of epitope-specific IgM in the Pep3-immunized group
only appeared after 35 and 42 days of primary vaccination and peaked at 35 days after
primary vaccination, subsequently showing a downward trend (Fig. 2B). Nonetheless,
compared with other immunized groups, the Pep3-immunized group still had the
highest serum antibody level at 42 days after primary vaccination (Fig. 2B). Similarly,
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FIG 1 Biopanning and identification of affinity peptides from TiLV convalescent-phase serum by phage-displayed peptide library. (A) Schematic
representation of the strategy of biopanning for serum-specific affinity peptides. TiLV convalescent-phase serum was used as the target, and three rounds
of affinity panning were performed using phage display 12-mer peptide libraries. After biopanning, immunopositive phage clones were further identified
by DNA sequencing and ELISA. (B) Monitoring the output/input ratios of phage in sequential rounds of biopanning. (C) The corresponding amino acid
sequences of 22 randomly selected phage clones after DNA sequencing and the frequency of occurrence of each sequence. Seventeen of the 22 phage
clones were sequenced normally. After obtaining the sequencing results, we merged the phage clones with the same sequence for subsequent ELISA
determination. (D) Determination of the reactivity of selected phage clones with TiLV convalescent-phase serum by ELISA. When the OD450 (phage

(Continued on next page)
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the serum antibody level in the Pep6-immunized group reached the highest level at
35 days after the initial immunization, but unlike the Pep3-immunized group, it
decreased sharply at 42 days of after immunization (Fig. 2B). Notably, neither the phos-
phate-buffered saline (PBS) nor the adjuvant control group produced specific serum
IgM antibodies throughout.

In order to analyze the TiLV-specific antibody response in vivo before virus chal-
lenge, we measured TiLV-specific IgM antibody titers in serum at 35 days after of pri-
mary immunization using TiLV particles as antigen. TiLV-specific serum antibody titer
in the Pep3-immunized group was the highest, reaching 1,792, which was significantly
higher than that in the adjuvant control group (Fig. 2C). In addition, the TiLV-specific
serum antibody titers in the Pep3-immunized group were significantly higher than
those in the groups immunized with Pep6, Pep5, Pep4, Pep2, or Pep1. However,
although the serum antibody titer of the Pep6-immunized group was 640, it was only
significantly different from the PBS-immunized group. Furthermore, to evaluate the
neutralization activity of mimotope-peptide immune sera, virus neutralization tests
were used to determine the reactivity of sera against live TiLV. Among the 6 mimotope
peptides, 3 could generate neutralizing antibodies, including Pep1, Pep3, and Pep6.
The sera from Pep1-, Pep3-, and Pep6-immunized groups were incubated with TiLV to
infect CIK cells, and we observed that CIK cells remained highly active 7 days after
infection, as by determined a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay, which strongly suggested that serum from these groups was
effective in neutralizing TiLV to prevent the virus from damaging cells. It is worth men-
tioning that the 50% inhibitory concentration (IC50, expressed as the reciprocal of the
dilution multiple of the serum with 50% neutralization activity) of these immune group
sera against TiLV were 27.11, 38.84, and 61.65, respectively (Fig. 2D). These results
showed that Pep1, Pep3, and Pep6 produced antibodies capable of neutralizing TiLV
after immunization.

In addition to TiLV-specific serum antibody titers, we also determined immune-
related enzyme activity in serum at 35 days after primary immunization. Compared
with the adjuvant and blank control groups, the activities of acid phosphatase (ACP),
alkaline phosphatase (AKP) and total antioxidant capacity (T-AOC) in all immunization
groups were significantly increased (Fig. S2). For superoxide dismutase (SOD) activity,
except for the Pep4 immunization group, the SOD activities of other immunization
groups were all significantly increased compared to those in the adjuvant and blank
control groups (Fig. S2D). In addition, the ACP, AKP, SOD, and T-AOC activities of the
Pep3-immunized group showed the highest enzyme activity levels among all groups.

Immunization of tilapia with mimotopes provides protection against TiLV chal-
lenge. At 35 days after of primary immunization, the tilapias were challenged with
TiLV at a lethal dose by intraperitoneal injection to assess the immunoprotective
effects following mimotope immunization (Fig. 2A). The cumulative mortality with
each group within 15 days was calculated (Fig. 2E), and the TiLV loading in tilapia liver

FIG 1 Legend (Continued)
clone) was $ 2.1 � OD450 (control), the reaction was considered immunopositive, and the clone was used for subsequent peptide synthesis. According to
the OD450 (from high to low values), the immunopositive clones were named Pep1, Pep2, Pep3, Pep4, Pep5, and Pep6. (E) Variation curves of the reactions
between different concentrations of synthetic peptides and TiLV convalescent-phase serum by ELISA. The synthetic peptides were serially diluted, and the
reactivity with serum antibody (1:100 diluted) was measured by absorbance at 450 nm. Each dilution was tested in 3 replicates, and the values in the curve
are the mean absorbance 6 standard deviation (SD). (F) Synthetic peptides competitively inhibited the reaction of TiLV convalescent-phase serum with
TiLV. Each well was coated with 6.0 � 104 copies of TiLV, serum was diluted 1:100, and the concentration of synthetic peptide was 100 mg/mL. The values
shown are means 6 SD with 5 replicates. Statistical significance was tested by one-way ANOVA and Tukey’s multiple-comparison tests. Significant
differences (P , 0.05) are indicated by different lowercase letters.

TABLE 1 Enrichment of specifically binding phages during three rounds of biopanning

Biopanning round no. Phage input (PFU) Phage output (PFU) Phage output/input
1 1.50� 1011 6.70� 105 4.47� 1026

2 2.50� 1010 5.30� 106 2.12� 1024

3 1.50� 1010 5.80� 107 3.87� 1023
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was determined by reverse transcription-quantitative PCR (RT-qPCR) (Fig. 2F). Vaccination
with mimotope Pep3 provided 57.6% protection against TiLV challenge, and the group
vaccinated with Pep6 showed 36.4% protection (Fig. 2E). Other mimotope peptides
encompassing Pep5, Pep2, Pep4, or Pep1 only endowed inefficient protection from lethal-
ity after TiLV challenge. The protective effect afforded by mimotope peptides appeared
to be achieved by mediating neutralizing antibody titers and other mechanisms, because
protection rates were positively correlated with serum IgM antibody and neutralizing anti-
body levels (Fig. 2G and H). Furthermore, viral loads in the Pep3- and Pep6-immunized
groups were significantly reduced relative to those in the control and adjuvant groups,
and the lowest levels were observed in the Pep3-immunized group (Fig. 2F). Remarkably,
Pep3 mimotope peptide provided 57.6% protection in tilapia against lethal TiLV chal-
lenge after two doses of immunization, and this group stood out in all groups due to the
highest neutralizing antibody titers.

Identification of TiLV natural epitope with mimotope peptide Pep3. Mimotopes
inevitably introduce exogenous sequences, which may have potential risks in clinical
applications (49). It is crucial to identify the true epitope within the pathogen by mimo-
tope, so we identified the natural epitope of TiLV corresponding to Pep3 by sequence
alignment. We found that Pep3 shared a high degree of sequence similarity with resi-
dues 399 to 410 located on the protein encoded by TiLV segment 1 (S1) (Fig. 3A), and
the sequence identity reached 58.3% (Fig. S3A). However, the recognition rates of the
amino acid sequence of the Pep3 mimotope peptide with other protein sequences en-
coded by TiLV were lower than 50% (Fig. S3B to I). Therefore, we guessed that the
S1399–410 amino acid residues might represent the natural epitope of TiLV.

The structure prediction of the S1 protein showed that a long loop is formed in the
S1399–410 region, and most of its amino acids are on the solvent-accessible surface
(Fig. 3B). These structural features are based on the most common peptide vaccine
design. Further structural comparison revealed that the S1399–410 region had a more simi-
lar spatial structure to the Pep3 peptide, with a root mean square deviation (RMSD) of
2.921 (Fig. 3C). However, when comparing the spatial conformation of Pep3 and S1399–410
peptides with S1, the structural deviation between S1399–410 and S1 was smaller, with an
RMSD of 4.382 (Fig. 3D and E). The results of these structural analyses fully demonstrated
that the S1399–410 peptide is to a certain extent closer in conformation to the correspond-
ing residues of S1.

To identify this epitope, we first tested using TiLV convalescent-phase serum sam-
ples to verify that the S1399–410 region could bind to the antibodies of serum samples.
Here, the corresponding S1399–410 synthetic peptide was still reactive with TiLV conva-
lescent-phase sera at a concentration of 3.125 mg/mL, while the lowest reactive con-
centration of Pep3 peptide was 6.25 mg/mL (Fig. 3F). In addition, competitive binding
verified that the S1399–410 synthetic peptide inhibited the binding of serum antibodies
to S1 protein and TiLV virions in a dose-dependent manner with the S1399–410 synthetic
peptide (Fig. 3G). Moreover, in an attempt to identify the amino acids necessary for the
S1399–410 epitope to bind to serum antibodies, we synthesized an alanine mutant pep-
tide of S1399–410 (Table S1), and the mutations of these amino acid residues were

TABLE 2 Translated amino acid sequences of positive phage clone DNA sequences

Nucleotide sequence Amino acid sequence Frequencya

ACGTATACTACGCGTATGCATATTACGCTTCCGATT TYTTRMHITLPI 5
AATGCTTATGTTGATATGTCGCGTACTAAGTTTTTT NAYVDMSRTKFF 3
CAGCAGATGCATGAGTGGTATTTTCAGAGTTTGCCG QQMHEWYFQSLP 2
GCTCATGTGGCGATTACTACGGATATTATTTGGACT AHVAITTDIIWT 2
TATGGTTTTGCTACGCTGCGGGATGGGGTTAGGACG YGFATLRDGVRT 1
AATGCTGCGTATTTTTCTTATGATACGACGGGTGAG NAAYFSYDTTGE 1
GGGCATTGGGGTGTTTATTTTGAGAATAGTTCGCGG GHWGVYFENSSR 1
TCGGCGAATTATAATGTGCAGGCTGGGTGGACGCAT SANYNVQAGWTH 1
GCGGATGTGAATCAGACTTTGATGAATTCTGCGAAT ADVNQTLMNSAN 1
aThe frequency refers to the number of times the sequence appears in 17 phage clones.
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FIG 2 Synthetic peptides elicited a humoral immune response in tilapia after vaccination. (A) Schematic
diagram of tilapia immunization, sample collection, and challenge scheme. Tilapias (70 per group) were

(Continued on next page)
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determined by the three-dimensional (3D) structural characteristics of S1 protein. We
observed that the S1399–410 residues formed a loop structure (Fig. 3D) in the 3D struc-
ture of the S1 protein and formed an ideal solvent-exposed surface (Fig. 3B), and the
selected mutated amino acid residues were located at the vertices of this structure.
These resulting features may be an important area for antibody binding. Based on the
view of the S1 full-length protein structure, we assumed that the loop structure formed
in the S1399–410 region is an important structural basis for antibody binding. To directly
test whether these assumed amino acid residues are involved in serum antibody rec-
ognition, we synthesized mutant peptides in which amino acid residue Tyr at position
400 or amino acid residue Arg at position 403, or both, in the S1399–410 subunit were
replaced by Ala (Table S1). We tested the effect of these amino acid residue mutations
on serum antibody binding and found that mutations in either the Tyr residue or the
Arg residue or both did significantly reduce the binding capacity of the epitope to
anti-TiLV serum antibody (Fig. 3H). In short, these studies demonstrated that the
S1399–410 subunit is a candidate epitope of TiLV and binds to anti-TiLV serum antibody
through its formation of loop structure dependence.

The serum antibody induced after immunizing tilapia with candidate vaccine
S1399–410 is necessary for neutralizing TiLV. In order to directly test the ability of the
S1399–410 epitope to induce an active immune response in tilapia, the S1399–410 epitope
peptide was synthesized by solid phase and conjugates with a keyhole limpet hemocy-
anin (KLH) carrier protein. Tilapia (70 fish each group) were intraperitoneally injected
with 20 mg of the KLH-conjugated S1399–410 epitope peptide (Fig. 4A) at day 0 (D0) and
D14. In addition, the control group was only vaccinated with 20 mL of PBS–20 mg KLH
(negative-control group) or injected with 20 mg full-length S1 protein of TiLV as the
positive-control group (Fig. 4A).

After the initial immunization, the serum of each immune group was collected at D7,
D14, D21, D28, D35, and D42, and the immune response of serum to epitope peptide
(S1399–410) and full-length protein S1 was determined by ELISA. At D35 after immunization
with the S1399–410 epitope vaccine, a high antibody response against the epitopes was pro-
duced in the sera of immunized fish, with antibody titers exceeding 10,000 (Fig. 4B and C).
Similarly, the serum antibody induced by the S1 immunization group also peaked at D35,
and the anti-S1 antibody titers reached 12,800 (Fig. 4D and E). It is worth noting that the se-
rum antibody titer against S1399–410 IgM in the S1399–410–immunized group was still signifi-
cantly higher than that in the S1-immunized group at D42 (Fig. 4C). As expected, no specific
antibodies against the S1399–410 peptide or S1 protein were produced in the serum of any of

FIG 2 Legend (Continued)
vaccinated intraperitoneally with 20 mg per fish of synthetic peptide mixed with Freund’s adjuvant on
D0 and D14, respectively. After the prime immunization, blood was collected by broken neck at D7,
D14, D21, D28, D35, and D42. On D35, 33 fish were randomly selected for challenge intraperitoneally
with 9.0 � 107 copies of TiLV per fish, and the survival rate was calculated for each group at D51. (B)
Peptide-specific antibody responses in sera of each group at different time points after vaccination
were analyzed by ELISA. Serum samples were serially diluted 2-fold (initial as 1:80), and the peptide-
specific antibody response of the serum was measured by the absorbance at 450 nm. Each well was
coated with 2 mg of peptide. The values shown are mean absorbance 6 SD for each dilution with
triplicates. (C) TiLV-specific antibody endpoint titers of different groups of serum at challenge time
points (D35) were determined by ELISA, for which plates were coated with TiLV at 6.0 � 104 copies per
well. The dilution method for serum was the same as that described for panel B. Endpoint titers of the
serum samples are shown as the reciprocal of the highest dilution when the OD450 for samples was $2�
the OD450 of the negative control. (D) Dose-response neutralization of live TiLV titration curves and IC50

values of serum sample with different vaccination groups at D35. Serum was diluted from 1:20 to 1:640 at
a 2-fold ratio, and the test was repeated 3 times per serum sample. Results are expressed as means 6 SD.
(E) Fish health was monitored daily, and dead fish were collected until day 15 postchallenge. The P values
for survival rate are based on a log-rank (Mantel-Cox) test (n = 33). (F) Quantification of TiLV virus in liver
tissue on 8 day postchallenge by qRT-PCR. Data are means 6 SD (n = 5 per group). (G and H) Correlation
between TiLV-specific antibody titers in serum and survival rate within 15 days postchallenge (G) or viral
load quantified by qRT-PCR in liver tissue on day 8 postchallenge (H). Positive Pearson correlations were
observed between TiLV-specific antibody titers and survival rate (r = 0.9715; P , 0.0001) (G) or inverse
Pearson correlation with viral load (r = 20.8672; P = 0.0053) (H). Statistical significance was tested by one-
way ANOVA and Tukey’s multiple-comparison tests. ****, P , 0.0001; ***, P , 0.001; **, P , 0.01; *, P ,
0.05; ns, no significant difference.
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FIG 3 Recognition and characterization of the TiLV natural epitope. (A) Sequence alignment between
Pep3 and segment 1 (S1). Red indicates consensus amino acid residues, and black represents unmatched

(Continued on next page)
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the mutant peptide vaccination groups (Fig. S4). Although the serum antibody titer against
S1399–410 was significantly higher than that of the KLH-PBS group at 5 weeks after immuniza-
tion with an S1399–410 R403A variant (i.e., with an Arg-to-Ala change at position 403), its titer
was only about 100 (Fig. S4C).

To estimate the inhibitory ability of the sera from the immunized groups on D21,
D28, D35, and D42 after the second immunization, a viral inhibition test was carried
out. The neutralizing titer in serum had a similar trend to the specific antibody titer,
with peak serum neutralization titers for S1399–410 epitope vaccine and S1 subunit vac-
cine at D35, and their IC50s were 434.10 and 124.80 (reciprocal dilutions), respectively
(Fig. 4F). Unsurprisingly, the sera of the PBS control group failed to produce antibodies
that specifically bound to S1399–410 or S1 and did not neutralize TiLV at any time point.

To further validate that serum antibodies induced by the S1399–410 epitope were nec-
essary to neutralize TiLV, we conducted an antibody depletion assay against S1399–410.
For the groups immunized with S1399–410 and S1, the specific-S1399–410 and S1 antibody
levels in serum were depleted by ELISA, and the depletion efficiency was 89.5% and
91.7%, respectively (Fig. 4G). Interestingly, we found that the specific antibody against
S1 was depleted in the S1-immunized group, while the depletion efficiency of serum
antibody against S1399–410 was only 50.8% (Fig. 4H). Compared with the nondepleted
sera controls, the ability of S1399–410 and S1 immune group serum to neutralize TiLV virus
both significantly decreased after the depletion of serum antibody targeting S1399–410
(Fig. 4I). In sum, antibodies targeting the S1399–410 epitope are critical for neutralizing
TiLV, whereas the anti-S1399–410 IgM antibody content was lower in the S1-immunized
group than in the KLH-S1399–410-immunized group.

Protection against a lethal dose of TiLV in tilapia after immunization with
S1399–410. At D35 after primary immunization, 33 tilapia were randomly selected from
each group, transferred to another clean aquarium, and challenged with a lethal dose
of TiLV through intraperitoneal injection to evaluate vaccine immune protection effi-
cacy. The health of the fish was monitored, and number of dead fish was recorded on
a daily basis until 16 days after challenge. We found that the PBS and KLH control
groups started to die on day 4 after challenge, the S1-immunized group began to die
on day 5 after challenge, and in the S1399–410-immunized group we did not observe
death until day 8 after challenge. In addition, the S1399–410-immunized group provided
the best protection effect, with a survival rate of 81.8%, while the survival rate of the
S1 immunized group was only 60.6% (Fig. 5A), which may have been related to the
specific antibody titer in tilapia during the challenge. The viral loads of liver and spleen
of dead tilapia were measured at 8 days postchallenge. The results showed that the vi-
ral loads of S1- and S1399–410-immunized groups were significantly lower than those of
the control group, and the viral load of the S1399–410 group was significantly lower than
that of the S1 group (Fig. 5B and C). We observed that the dead tilapia had typical

FIG 3 Legend (Continued)
amino acid residues. The identity between Pep3 and the S1399–410 region of S1 was 58.33%. S1 protein
sequence was derived from NCBI (https://www.ncbi.nlm.nih.gov/) accession number YP_009246481. (B)
Folding of the S1399–410 region in the S1 protein structure and its surface accessibility. S1 protein structure
was predicted using RoseTTAFold in Robetta and modified using PyMOL. S1399–410 is shown as stick and
surface; other regions are shown as cartoons. The relative solvent accessibility of each amino acid residue
in the S1399–410 region was calculated by PyMOL, with darker colors indicating higher solvent accessibility.
(C) Structural alignment between Pep3 and S1399–410 peptide by PyMOL. Both Pep3 and S1399–410 are
presented as cartoon and surface, with Pep3 shown in cyan and S1399–410 showed in magenta. (D and E)
Alignment studies between Pep3 (D) or S1399–410 (E) peptide structures and S1protein structure using
PyMOL. The region aligned with Pep3/S1399–410 in S1 protein is indicated by a red sphere and cartoon,
and the Pep3 (cyan) and S1399–410 (magenta) peptide are represented by cartoon and surface. (F)
Reactivity of synthetic peptides with positive serum. Synthetic peptides were coated in ELISA plates at
different concentrations, three replicates per concentration, and anti-TiLV serum was diluted 1:100. Values
are expressed as means 6 SD. (G) S1399–410 peptide competitively inhibited the reactivity of anti-TiLV
serum antibody with S1 protein of TiLV virus. S1399–410 peptide was added to the coated plate after being
coincubated with anti-TiLV serum (1:100 dilution) at 37°C for 2 h. (H) Reactivity identification of S1399–410
peptide and its mutant peptide with anti-TiLV serum antibody. Serum was diluted 1:100. Data are from
an experiment performed in triplicate and are shown as means 6 SD. Statistical significance was tested
by one-way ANOVA and Tukey’s multiple-comparison tests. Significant differences (P , 0.05) are
indicated by different lowercase letters.
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FIG 4 Antibodies targeting the epitope of S1399–410 effectively neutralized TiLV. (A) Schedule for
immunization, sample collection, and challenge of tilapia. Tilapias (70 fish per group for nonmutated

(Continued on next page)
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symptoms of infection with TiLV, including gill cover, basal part of pectoral fin conges-
tion, abdominal swelling, and scale loss (Fig. 5D). In addition, we tested the dead tilapia
for TiLV specifically, and the results also confirmed that the tilapia death was caused by
infection with TiLV (data not shown). The histopathological observations showed that,
compared with the control group, the tilapia immunized with the vaccine had reduced
damage to the liver and spleen from TiLV (Fig. 5E and F). Briefly, hepatocytes showing
fibrosis with polarized nuclei and aggregation were observed in the S1-immune group
(middle), whereas the PBS group (right) showed severe hepatocyte fibrosis, nuclear
polarization, and syncytial liver symptoms and hepatic congestion (Fig. 5E). Spleen tissue
showed few (S1 immunization group) or large aggregates (PBS group) of the melanoma-
crophage center and vacuolated nucleus (Fig. 5F). In conclusion, the S1399–410 immuniza-
tion group provided excellent immune protection (81.8%), which was significantly higher
than in the S1 immunization group, while the control group did not provide effective
protection against a lethal dose of TiLV.

DISCUSSION

In the present study, we reported that a synthetic peptide vaccine (KLH-S1399–-410),
which can confer 81.8% protection against lethal TiLV challenge, is an effective strat-
egy to prevent TiLV infection. In a prime-boost immunization regimen, the synthetic
peptide vaccine containing a single TiLV epitope conjugated with KLH carrier protein
showed excellent immunogenicity in tilapia and generated durable neutralizing anti-
body responses. Our research mainly revealed two key findings. First, based on the 3D
structural characteristics of S1 protein and alanine mutation studies, S1399–410 is an epi-
tope of TiLV which is closely related to the reactivity of anti-TiLV serum antibodies.
Second, the specific antibody induced by S1399–410 is necessary for neutralizing TiLV
and induced a long-lasting antibody reaction in tilapia against TiLV infection.

The library capacity of random phage display peptide library is huge, and it can be
used to screen almost any target of interest (50, 51). In terms of antigen screening, a
random phage display peptide library is a powerful tool. After screening the library,
simulated epitope peptides with high affinity to target substances can be obtained,

FIG 4 Legend (Continued)
peptides, 40 fish per group for mutated peptides) were prime vaccinated at D0, with a 14-day
interval before a booster vaccination at a dose of 20 mg per fish of synthetic peptide vaccine, which
was mixed with Freund's adjuvant and administered by intraperitoneal injection. At D35, 33 fish were
randomly selected for the TiLV challenge test (the mutant peptide vaccine did not perform), and
survival rates were calculated at D51. (B) Specific antibody analysis against the S1399–410 epitope
peptide in serum was collected at different time points in the KLH-S1399–410, S1, and PBS immunization
groups. Serum samples (5 fish per group) were serially diluted 2-fold (initial as 1:100) and the peptide-
specific antibody response of the serum was measured by the absorbance at 450 nm. Each well was
coated with 2 mg of peptide. The values are presented as means absorbance 6 SD for each dilution
with triplicates. (C) Endpoint titers of antibodies targeting S1399–410 in serum samples at different time
points, shown as the reciprocal of the highest dilution when the OD450 (samples)was $2� OD450 of
preimmunization serum. (D) Specific antibody analysis against the S1 protein in serum collected at
different time points in the KLH-S1399–410, S1, and PBS immunization groups. Serum samples (5 fish per
group) were serially diluted 2-fold (initial as 1:100), and the S1-specific antibody response of the serum
was measured by the absorbance at 450 nm. Each well was coated with 0.5 mg of S1 protein. The
values are mean absorbance 6 SD for each dilution with triplicates. (E) Endpoint titers of antibodies
targeting S1 protein in serum samples at different time points, shown as the reciprocal of the highest
dilution when the OD450 (samples) was $2� OD450 of preimmunization serum. (F) Dose-response
neutralization of live TiLV titration curves and IC50 heat map of serum samples with different vaccination
groups at D21, D28, D35, and D42. Serum was diluted from 1:20 to 1:1,280 at 2-fold ratios, and the test
was repeated 3 times per serum sample (5 fish mix serum). V are expressed as means 6 SD. (G and H)
Depletion or nondepletion of antibodies to specific peptide or protein in the serum at D35 after primary
immunization was validated by ELISA. Anti-S1399–410 IgM reactive after depletion of serum antibodies
specific to S1399–410 (left) or S1 protein (right) (G). Anti-S1 IgM reactive after depletion of serum antibodies
specific to S1399–410 (left) or S1 protein (right) (H). (I) Neutralization efficacy of pooled sera not depleted or
depleted of specific peptide or protein antibodies against live TiLV. Data are expressed as percent
neutralization relative to a blank group of unincubated serum and virus. Data are from an experiment
performed in triplicate. Data are expressed as means. Statistical significance was tested by one-way
ANOVA and Tukey’s multiple-comparison tests. ****, P , 0.0001; ***, P , 0.001; **, P , 0.01; *, P , 0.05;
ns, no significant difference.

An Epitope Vaccine for TiLV Journal of Virology

April 2023 Volume 97 Issue 4 10.1128/jvi.00050-23 13

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00050-23


FIG 5 Epitope-based synthetic peptide vaccine acted efficiently as prophylactic against TiLV infection.
(A) Survival rate of different immunization groups after 15 days of intraperitoneal challenge with a
lethal dose of TiLV. The survival curve was calculated by GraphPad Prism software. (B and C) Viral load
of TiLV in liver (B) and spleen (C) tissues were quantified by qRT-PCR at 8 days after challenge. Data are

(Continued on next page)
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and these peptides have been reported to be used in vaccines to activate the immune
response in the body to fight diseases (52–54). In this study, we selected six peptides
with high affinity from a Ph.D.-12 phage library by biopanning with anti-TiLV serum as
the target. Further analysis showed that peptide Pep3 could induce specific immune
response in tilapia to protect the fish from challenge with a lethal dose of TiLV and
inhibited virus infection in vivo (Fig. 2E and F). However, many mimic peptides identi-
fied by random phage display peptide library have not been validated in vivo for their
contribution to resistance to viral infection (32, 55). In our study, we evaluated the
immune responses elicited in vivo by different peptide targets identified to be immune-
responsive with specific antibodies in the sera of TiLV survivors by using synthetic pep-
tide vaccines (Fig. 2). Vaccination after Pep3 synthetic peptide vaccine induced high lev-
els of peptide-specific antibodies in tilapia, and these antibodies were associated with
high levels of virus neutralization (Fig. 2C, D, and H). It is worth mentioning that the
dynamic changes in antibody levels induced by Pep3 had a similar trend as the prime-
boost vaccination strategy of vaccines developed based on TiLV segment 8 (47).
However, unfortunately, the protection provided by the Pep3 synthetic peptide vaccine
was inferior, with a survival rate of 57.6% (Fig. 2E). This may have been due to the short
half-life of linear peptides in vivo (56, 57); unfortunately, we did not investigate this fur-
ther in the present study. However, we found that the spatial conformation of Pep3 pep-
tide overlapped with S1 worse than S1399–410, which may reveal some reasons why Pep3
had a weaker immune effect than S1399–410 (Fig. 3D and E).

In order to identify the natural epitopes of TiLV, we performed further studies on
Pep3. It is extremely impractical when working with random peptide libraries to expect
to obtain affinity peptides with amino acid residues that are exactly the same as those
of viral proteins, and so sequence alignment is required to further identify the native
epitopes of viral proteins corresponding to affinity peptides (32, 55, 58). In the present
study, we found a high degree of similarity between the Pep3 peptide and residues
399 to 410 of TiLV S1 protein, and so we speculated that the S1399–410 region is a natu-
ral epitope of TiLV (Fig. 3A). S1 structural analysis showed that a long loop structure
was formed in the S1399–410 region and most of the amino acid residues were exposed
to solvent-accessible surfaces (Fig. 3B). Studies have shown that linear epitopes are
commonly found in protein loops, which are prime candidates for peptide vaccine
design (59). For example, the peptide consensus residues VGG, which are bio-enriched
by phage display technology for COVID-19 serum, are in a ring region located in the
RBM region of the spike protein (32). Similar loop structures have also been used as
design targets for peptide vaccines in other diseases (54, 60–63). These structural char-
acteristics indicated that it might be used as a TiLV antigen epitope, which was crucial
to induce specific neutralizing antibodies (54, 61).

To address the immunoreactivity of the S1399–410 region to TiLV-positive serum, we
compared synthesized S1399–410 peptide with full-length recombinant S1 protein by
ELISA, and we found that the synthetic peptide S1399–410 interacted with TiLV serum
antibody and, through competitive inhibition of the reactivity of the S1 protein, with
TiLV serum (Fig. 3G). Furthermore, mutation analyses demonstrated that whether
S1399–410 reacts effectively with serum antibody may depend on the amino acid
residues at positions 400 and 403 in the S1 protein, which are located at the long loop
structure (Fig. 3D). It was found that tilapia has the highest serum antibody titer

FIG 5 Legend (Continued)
means 6 SD (n = 6 per group). (D) Representative figures showing typical symptoms of TiLV infection in
tilapia, including abdominal swelling (black arrows), hyperemia (red arrows), and scales dropping off (blue
circle). (E and F) Histopathological changes of different immune groups after 8 days of challenge were
observed by H&E staining. Hepatocytes (E) showing fibrosis with polarized nuclei and aggregation were
observed in the S1-immune group (middle), whereas the PBS group (right) showed severe hepatocyte
fibrosis, nuclear polarization, and syncytial liver symptoms, and with hepatic congestion. Spleen tissue (F)
showed few (S1 immunization group) or large aggregates (PBS group) of the melanomacrophage center
(MMC) and vacuolated nucleus. Statistical significance was tested by one-way ANOVA and Tukey’s
multiple-comparison tests. ****, P , 0.0001; ***, P , 0.001; **, P , 0.01; *, P , 0.05.
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19 days after being infected with TiLV (64). In order to verify that S1399–410 can induce a
specific antibody reaction in tilapia, we vaccination tilapia by intraperitoneal injection
through prime-boost immunization. We found that at D35 after the initial immuniza-
tion, the serum antibody titer of the S1399–410-immunized group reached the highest
level, with an average titer of more than 10,000 (Fig. 4B). Moreover, there was still a
high serum antibody reaction at D42, which indicated that KLH-S1399–410 can simulate
natural infection with TiLV to produce a lasting antibody reaction after immunization.
However, the production of serum antibody must be related to the antibody neutralizing
the virus (60, 65, 66). The antibody depletion assay proved that the antibody produced
by S1399–410 after immunizing tilapia was necessary to neutralize TiLV, as the virus neutral-
ization potency was significantly reduced when anti-S1399–410 antibody was depleted. In
most cases, the serum antibody reaction is directly related to the immune protection
rate of the vaccine (67). As confirmed by this study, the higher the serum antibody titer
before the TiLV challenge, the better the immune protection effect (Fig. 5). Consistent
with our expectation, the mutant synthetic peptide failed to elicit serum antibody
response after immunization, proving the important role of amino acid residues Y400
and R403 on S1399–410 in induction of TiLV neutralizing antibody.

Of course, there were also certain limitations in this study, such as the challenge
test in this study only evaluated the immune protective efficacy of the vaccine against
a single strain, which may adversely affect the promotion of the vaccine. Second, the
S1 protein where S1399–410 is located was used in the design of the positive-control
group instead of the antigen previously developed as a vaccine, which failed to reflect
the superiority of KLH-S1399–410 epitope vaccine to a certain extent. Third, we did not
evaluate the cellular immune response generated in vivo after vaccine immunization.
Those above-mentioned limitations of our study will be our focus in future research. In
addition, whether single-epitope tandem-expressed antigens can elicit a stronger hu-
moral and/or cellular immune response also deserves further investigation.

In general, this study provided evidence to prove that the synthetic peptide vaccine
based on S1399–410 regions coupled with KLH triggered specific neutralizing antibody
responses and had a high protective effect on reducing the viral load in tissues and
lethality after TiLV infection. A graphical abstract of the current study is shown in Fig. 6.
Moreover, the strategy of vaccine antigen development proposed in this study provided
a possible reference for emerging diseases in the future, as it could be used to select an
effective antigen for vaccination against disease in a background of unknown function
of pathogen proteins.

MATERIALS ANDMETHODS
Phage display peptide library, cell culture, and virus. The Ph.D.-12 phage display kit used in the

current study was purchased from New England Biolabs (catalog number E8110) and contained a tube
of the Ph.D.-12 phage library. Ctenopharyngodon idellus kidney (CIK) cells were donated by Lingbing
Zeng from Yangtze River Fisheries Research, Institute of Chinese Academy of Fishery Science (Wuhan,
Hubei, China). CIK cells were cultured at 28°C in 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen) supplemented with 10% fetal bovine serum containing 100 U/mL penicillin and 100 mg/mL
streptomycin. TiLV was isolated and stored by our laboratory, and we named it TiLV-CQ-2021.

Biopanning of Ph.D.-12 phage library. The panning procedure was performed as described by the
vendor with modifications. Briefly, the wells of a microtiter plate (NEST, China) were coated overnight at
4°C with 150 mL of anti-TiLV serums (1:100 diluted in 0.1 M NaHCO3 [pH 8.6]) in a humidified container.
Blocking buffer (0.5% bovine serum albumin [BSA] in 0.1 M NaHCO3 [pH 8.6]) was then added for 2 h at
4°C to block the wells. After washing six times with Tris-buffered saline with 0.1% Tween 20 (TBST; TBS is
50 mM Tris-HCl, 150 mM NaCl [pH 7.5]), the wells were incubated for 1 h at room temperature with
10 mL (1.50 � 1011) library phages diluted in 100 mL of TBST. The wells were next washed 10 times with
TBST to remove any unbound phage. The bound phage were eluted with 100 mL of elution solution (0.2
M glycine [pH 2.2]) for 30 min at room temperature and neutralized with 15 mL of 1 M Tris-HCl (pH 9.1).
The titers of eluted phage were estimated, and Escherichia coli ER2738 was infected with the bound
phage for amplification.

In the second and third rounds of biopanning, 1:200 and 1:300 dilutions of anti-TiLV serum were
incubated with 2.50 � 1010 and 1.50 � 1010 amplified phages selected in the first biopanning round for
enrichment of high-affinity binding. The concentration of Tween 20 in the TBST was increased from
0.1% (vol/vol) in the first round to 0.5% (vol/vol) in the other two rounds of biopanning. In addition, for
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the bound phage titers were determined but phage were not amplified in the third round. According to
the library manufacturer’s instructions, single colonies were selected, isolated, and amplified.

Selection, amplification, and phage DNA sequencing of positive clones. After three rounds of
biopanning, 22 phage clones (blue plaques) were randomly chosen from selection plates. These were
individually expanded in E. coli ER2738 and stored in aseptic glycerol at 20°C.

The amplified positive phage clones were precipitated by 200 mL PEG–NaCl (20% [wt/vol] polyethyl-
ene glycol 8000, 2.5 M NaCl). After centrifugation at 12,000 rpm for 10 min, the supernatant was carefully
discarded. The precipitated phage were resuspended in 100 mL iodide buffer (10 mM Tris-HCl [pH 8.0],
1 mM EDTA, 4 M NaI) with 250 mL of ethanol and then incubated for 10 min at room temperature. After
centrifugation at 12,000 rpm for 10 min at 4°C, phage single-strand DNA (ssDNA) was precipitated in the
bottom of EP tubes. Ethanol 70% was used to wash the precipitated ssDNA. After drying under a vac-
uum, the ssDNA was resuspended in 30 mL TE (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). Finally, the exoge-
nous ssDNA was sent to Sangon Biotech Co. Ltd. (Shanghai, China) for sequencing. The sequencing
primer was as follows: 59-CCCTCATAGTTAGCGTAACG-39 (296 gIII).

Analysis of the binding capacity of phage clones by ELISA. The positive clones were amplified in
1-mL volumes. The supernatants were reserved for subsequent use. The ELISA plates were coated with
monoclonal anti-TiLV serum (1:100 diluted in 0.1 M NaHCO3 [pH 8.6]) at 4°C overnight and blocked with
BSA (5 mg/mL in 0.1 M NaHCO3 [pH 8.6]) for 2 h at 4°C. Phage clones were added to the antibody-coated
wells and incubated for 1 h at room temperature. The primary phage library was used as the negative
control. After washing 6 times with washing buffer, 1:5,000-diluted horseradish peroxidase (HRP)-conju-
gated anti-M13 major coat protein antibody (sc-53004; Santa Cruz Biotechnology, Japan) in blocking
buffer was added to the wells and incubated for 1 h at room temperature with agitation. The wells were
washed again, and peroxidase activity was detected by adding 3,39,5,59-tetramethylbenzidine (TMB) sub-
strate. The OD450 was subsequently recorded using a microplate reader. Each phage clone experiment
was performed in triplicate.

Immunoassays of synthetic peptides by indirect ELISA and competitive ELISA. Peptides Pep1,
Pep2, Pep3, Pep4, Pep5, and Pep6 were synthesized (purity of .80%) by SynthBio (Hefei, Anhui, China).
The amino acid sequence of each peptide is shown in Table 2. For indirect ELISA, 96-well plates were
coated with 100 mL of peptide solution (100, 50, 25, 12.5, 6.25, 3.13, 1.56, and 0.78 mg/mL) and placed at

FIG 6 Graphical abstract of the current study, in which we designed an epitope vaccine for tilapia against Tilapia lake virus via prime-boost vaccination.
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4°C overnight. Plates were washed 3 times with 0.05% Tween 20 in PBST, followed by blocking with 2%
BSA for 2 h at 37°C. After washing, diluted TiLV-positive serum samples were added to the plate at
100 mL/well (1:100 dilution) and incubated at 37°C for 1.5 h. After washing, mouse anti-tilapia IgM anti-
body (1:4,500) purchased from Frdbio Bioscience & Technology (Wuhan, Hubei, China) was added to the
plate, at 100 mL per well, and incubated at 37°C for 1 h. A 100-mL volume of HRP-conjugated goat anti-
mouse IgG (D110087; Sangon Biotech, Shanghai, China) at 1:5,500 dilution was added to the plate and
incubated at 37°C for 1 h. TMB substrate (Salarbio, Beijing, China) was added and followed by stop solu-
tion, and then the absorbance at 450 nm was determined.

For the competitive ELISA, 96-well plates were coated with 6 � 104 copies of TiLV. After blocking,
the same volume of a 100-mg/mL peptide solution was incubated with TiLV-positive serum (1:100 dilu-
tion) for 1 h at 37°C. The peptide-serum combinations were added to TiLV-coated 96-well plates and
incubated at 37°C for 1 h. Other procedures were exactly the same as those for the indirect ELISA.

Immunization. All experimental animal care and study procedures were handled according to the
guidelines of the Animal Ethical and Welfare Committee, Northwest A&F University, China.

For the mimotopes vaccine immunization program (Fig. 2A), 8 groups of Nile tilapia (Oreochromis niloti-
cus) weighing approximately 0.986 0.20 g, 70 fish per group, were immunized intraperitoneally with 20 mg
of the peptide emulsified in complete Freund's adjuvant (1:1 [vol/vol]). Among them, the adjuvant group
was a 1:1 mixture of adjuvant and PBS, while the blank group was injected with PBS only. Two weeks later,
all fish were boosted by intraperitoneal injection with peptide emulsified in incomplete Freund's adjuvant.
At 1 to 6 weeks after primary immunization, fish serum (5 fish/group) was collected for further studies.

For the natural epitope vaccine immunization program (Fig. 4A), the candidate natural epitope pep-
tide-KLH conjugate was dissolved at 2 mg/mL in sterile PBS solution, then mixed with complete
Freund's adjuvant in a 1:1 volume ratio, and emulsified using a syringe and repeated pipetting. Nile tila-
pias (Oreochromis niloticus) weighing approximately 0.93 6 0.24 g were prebled before immunization,
and then 20 mg peptide equivalent was injected intraperitoneally to complete the primary immuniza-
tion, followed by a booster immunization of the same dose at 14-day intervals. Tilapia were collected by
neck dislocation at 7, 14, 21, 28, 35, and 42 days after the primary immunization, and serum was pre-
pared and then stored at 280°C until detection.

Determination of serum antibody titers in vaccinated fish by enzyme-linked immunosorbent
assay. Serum antibody titers after animal immunization were determined by ELISA. For immune serum of
mimotope vaccine, 96 well plates were coated with containing 2 mg peptide/ 6.0 � 104 copies TiLV
virions solution and maintained. The collected serum was diluted by fold and added at 100 mL/well,
followed by mouse anti-tilapia IgM (Frdbio, Wuhan, Hubei, China) as the primary antibody and goat anti-
mouse IgG (D110087; Sangon Biotech, Shanghai, China) as the secondary antibody. The specific operation
method was the same as that for the indirect ELISA method described above. The cutoff threshold was set
to be at least 2 times higher than the absorbance value of the negative serum sample, and serum antibody
titers were determined at the final dilution with a value above the cutoff threshold. The serum antibody
titers were regarded as 10 when the cutoff threshold was not reached at the lowest dilution.

For immune serum of natural epitope vaccine, all peptides or recombinant proteins were adjusted
to a final concentration of 20 mg/mL with coating solution, coated on ELISA plates at 100 mL/well, and
incubated overnight at 4°C. The next day, 300 mL/well of 2% BSA solution as blocked solution was
placed at 37°C for 2 h and then washed three times with 0.05% PBST solution. Tilapia sera from different
groups were diluted 1:200 with PBS, then added in 100-mL volumes to the wells and incubated at 37°C
for 1 h. Plates were washed 5 times with PBST (0.05% Tween 20) and incubated with 100 mL of mouse
anti-tilapia IgM antibody diluted in 5% skim milk for 1 h at 37°C. After washing the plate in the same
way, 100 mL/well of HRP-conjugated goat anti-mouse IgG diluted in 5% skim milk was added and incu-
bated at 37°C for 1 h. A 100-mL volume of TMB was added to each well and plates were placed in the
dark at room temperature for color development; 2 M H2SO4 was used to terminate the reaction, and
the absorbance at 450 nm was measured on an ELISA reader. The calculation method of serum antibody
end-point titers was the same as above.

Virus neutralization test. Serum samples collected from the same group at different time points
were pooled into one virus neutralization test sample. Serum samples were filtered through a sterile
0.22-mm filter and then heat inactivated at 42°C for 30 min; heat-inactivated serum (triplicate) was predi-
luted 20-fold with DMEM, and a 2-fold dilution series was then prepared using DMEM with 0.15% BSA to
obtain dilutions ranging from 1:20 to 1:1,280. Diluted serum or DMEM (control) was added to 96-well
plates at 50 mL per well, 3 wells per dilution. Then, 50 mL of TiLV was added to each well and incubated
at 25°C for 4 h. After incubation, mixture was added to the precultured monolayer CIK cells with 100 mL/
well and incubated at 25°C for 7 days. Cell viability was measured by MTT assay to evaluate serum neu-
tralization to TiLV, and the assay was performed according to the method provided by the manufacturer.
Wells with only viral fluid in CIK cells were considered to have a neutralizing ability of 0% for TiLV, while
wells with only cell culture medium were considered to have completely preserved cell viability with
100%. Thus, when cell viability was 50%, the reciprocal of its serum dilution factor served as the IC50.

Bioinformatics mining of TiLV natural epitopes. Inspired by the above studies, in order to identify
the native epitopes of TiLV, we performed bioinformatics analysis. Alignment of the most immunogenic
peptide sequences with TiLV-encoded protein sequences used the Jalview program (68) for the determi-
nation of linear epitopes. According to the alignment results, the Robetta server (69) was used to predict
the structure of the target protein. For the 3D structure of the peptide, we used the I-TASSER server (70–
72) to predict the structure. Peptide-peptide or peptide-protein conformational alignment was performed
using PyMOL software. All protein or peptide 3D structures were visualized by PyMOL (Schrödinger).
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Depletion test of peptide affinity antibodies in serum. Following previously described princi-
ples, we performed a serum-peptide affinity depletion assay (60, 73, 74). Synthetic peptides were
added to ELISA plates at 50 mg/well and incubated at 37°C for 1 h. After blocking with 2% BSA solu-
tion, the plate was washed 3 times with PBS containing 0.1% Tween 20, followed by a PBS wash to
remove residual Tween 20. The collected serum from the immune group was diluted (1:100) with
DMEM and added to the wells of the plate at 50 mL/well and then incubated at room temperature
for 20 min to fully adsorb the antibodies. Unbound fractions were recovered after 10 cycles of
repeated adsorption. The free fraction recovered in each round was verified by ELISA for serum anti-
body depletion levels. The antibody-depleted samples were mixed with TiLV and incubated at 25°C
for 2 h. A serum neutralization assay was performed to verify the neutralizing activity of antibody-
depleted serum.

Vaccine protection against virus challenge. At 3 weeks after the booster immunization, 33 fish
were randomly selected from each group for intraperitoneal injection challenge with TiLV virus (TiLV-
CQ-2021) solution at 9.0 � 107 copies TiLV/injection. A heating rod was added to each aquarium to
maintain the water temperature at 29 6 1°C, and the clinical features of disease and mortality were
monitored daily. TiLV target tissues such as liver and spleen were collected daily from dead fish until no
fish died in each group. Cumulative survival was recorded to assess the protective effect of the vaccine,
and survival rate was calculated using the following formula: survival rate = [1 2 (mortality of immu-
nized group)/(total number in immunized group)] � 100%.

Viral loads in the liver and spleen of dead fish on day 8 postchallenge in each group were deter-
mined by qRT-PCR using virus-specific primers (TiLV-112F, 59-CTGAGCTAAAGAGGCAATATGGATT-39;
TiLV-112R, 59-CGTGCGTACTCGTTCAGTATAAGTTCT-39) to determine fish death from TiLV infection and
to determine the antiviral capacity of different immune groups. Briefly, liver and spleen were each ho-
mogenized in 1 mL TRIzol, and total RNA was extracted according to the manufacturer's instructions.
The extracted RNA was used to measure the RNA concentration using a Nanodrop spectrophotometer,
and the concentration was adjusted to 50 ng/mL. Subsequently, 200 ng of RNA was reverse transcribed
into 20 mL cDNA using a reverse transcription kit to serve as a template for RT-qPCR. RT-qPCR detection
was performed using the CFX96 real-time PCR detection system (Bio-Rad, USA). The total reaction vol-
ume was 20 mL, which contained 10 mL of 2� ChamQ SYBR qPCR master mix, 0.3 mM forward and
reverse primers, 4 mL of cDNA template, and 0.4 mL of 50� ROX reference dye I, with double-distilled
H2O added to obtain the final volume. The qPCR conditions were denaturation at 95°C for 3 min fol-
lowed by 40 cycles of 95°C for 10 s and 60°C for 30 s (75).

A standard plasmid containing the TiLV genomic segment 3 cDNA was constructed as previously
described (75). A 491-bp cDNA fragment from segment 3 of the TiLV genome was amplified using spe-
cific primers (40) (nested ext-2, TTGCTCTGAGCAAGAGTACC; nested ext-1, TATGCAGTACTTTCCCTGCC)
and cloned into the pMD19-T vector (TaKaRa). The recombinant plasmid was named 19T-S3 (491 bp)
and was transformed into E. coli strain DH5a. Plasmid DNA was extracted from E. coli and DNA
sequenced using a miniplasmid extraction kit. The concentration of the recombinant plasmid was deter-
mined by Nanodrop 2000 spectrophotometer, and its plasmid concentration was 53.46 ng/mL, equiva-
lent to 1.65 � 1010 copies/mL.

Histopathology analysis. Liver and spleen tissues from tilapia viscera were washed with sterile PBS
to remove surface blood stains and then fixed with 4% paraformaldehyde. Samples were dehydrated,
embedded in paraffin, sectioned, and stained with hematoxylin-eosin (H&E) by Y&KBio (Xi'an, Shannxi,
China). The pathological changes of the tissue sections were then observed under an electron optical
microscope.

Statistical analysis. GraphPad Prism version 9.0 (GraphPad Prism Software, USA) was used to per-
form all statistical analyses. Correlations were calculated with a Person two-tailed test. P values were an-
alyzed by one-way analysis of variance (ANOVA) with Dunett’s multiple-comparison test, and P values of
,0.05 were considered significant with a 95% confidence interval.

Data availability. The segment 3 of the TiLV genome sequence has been submitted to the National
Center for Biotechnology Information and assigned GenBank accession number OM417602.
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