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Introduction: Sea lice are crustacean ectoparasites affecting Atlantic salmon
production worldwide and impediments to industry growth. Chemical treatment
has been the method of choice to control infestation with increasing resistance.
Vaccination is an environmentally friendly alternative for sea lice control;
however, obtaining high levels of lice reduction through active immunization
has proven difficult. This study aimed to explore the efficacy of two sea lice
vaccine prototypes under laboratory-controlled conditions.

Methods: Therein, fish were vaccinated with two chimeric antigens, TT-PO or
P0O-my32, using oil-adjuvanted vaccine formulations and a prime-boost
vaccination protocol. Fish were experimentally challenged with copepodids at
2, 5, and 11 months post-prime vaccination.

Results and discussion: TT-PO vaccinated fish had a significantly lower lice
number at all three challenges, 88, 90, and 20%, respectively, compared to
controls. The PO-my32 vaccine gave high protection at early time points post-
vaccination, with 91 and 75.4% reduction at 3 and 6 months, respectively, fading
off at 12 months (4.2% reduction vs. control). The TT-PO group had a significantly
lower lice number than controls at the 11-month challenge. A higher degree of
protection coincided with higher circulating antibody levels against homologous
antigens. This proof of concept study encourage the use of vaccination as a tool
to reduce the lice burden in salmon, and preclinical and clinical testing at a large
scale is needed to document the level of protection attained under
field conditions.
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1 Introduction

Salmon aquaculture is a complex and multifaceted industry
with significant environmental, economic and social implications.
Norway, Chile, Scotland and Canada are the top producing
countries being Atlantic salmon (Salmo salar L.) the most farmed
salmon species. Sea lice (Lepeophtheirus salmonis and Caligus spp.)
are parasitic crustaceans that attach to salmon, feeding on their
skin, mucus and blood. They are one of the most costly and
damaging challenges in salmon farming, affecting fish health,
farm economics and wild salmon populations (1, 2).

Sea lice control in Norway is based on weekly monitoring of lice
numbers in 20 fish in all cages of each farm, with mandatory delousing
initiated when louse levels exceed allowable limits, which vary over the
year. The introduction of chemical treatments in the ‘90s allowed
farms to treat sea louse infestations without substantially reducing
production (3). However, most chemotherapeutants have an
environmental impact, and concerns have been raised about
bioaccumulation and its effects on non-target invertebrate species.
Further, treatment resistance has emerged, reducing the efficacy of
various chemical treatments (2-4). The appearance of treatment
resistance has shifted producers toward non-medicinal delousing in
Norway (5), and these methods are also gaining attention in other
salmon-producing countries. Examples of these procedures include
bathing salmon in heated water (up to 32°C) for 30 seconds or
mechanical high-pressure water flushing to remove lice from the fish
(5, 6), imposing stress and consequently impacting animal welfare (5).
Many producers also co-cultivate various species of cleaner fish with
the salmon (7, 8) since cleaner fish feed on salmon lice. Still, the
mortality rate among cleaner fish is high, which raises ethical concerns,
and cleaner fish can also be a source of disease for the salmon. Another
method employed is the laser elimination of adult lice (9). In this
context, an effective sea lice vaccine would be of great interest and
represent a prophylactic tool rather than therapeutic. However, the
development of vaccines against ectoparasites is still technically
challenging. Despite identifying several vaccine targets in a range of
ectoparasites, the Gavac vaccine against the cattle tick (Rhipicephalus
microplus) remains the only effective ectoparasite vaccine (10, 11).

Akirin and subolesin are evolutionarily conserved orthologous
transcription factors involved in regulating the expression of signal
transduction and innate immune response genes in vertebrates and
invertebrates (12). Akirin/Subolesin is a well-characterized antigen
that has been proposed for the development of a broad-spectrum
vaccine for the control of arthropod infestations (13). We have
characterized this gene, denoted as my32, from C. rogercresseyi and
L. salmonis (14, 15). Additionally, it has been shown that
immunization with recombinant versions of this protein produced
in Escherichia coli reduced C. rogercresseyi infestations in a vaccine
trial in Atlantic salmon when lice counts were performed at the second
parasite generation (14). In addition, promiscuous T-cell epitopes
from tetanus toxin and measles virus (TT) conjugated to the N-
terminus of a 35 amino acid peptide from the ribosomal PO protein of
L. salmonis were shown to elicit significantly higher humoral immune
responses after immunization (16), and with a significant reduction in
adult female lice in vaccinated fish compared to controls (17).
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The present study compared the chimeric PO-my32 protein
with the PO peptide fused to the molecular adjuvant TT regarding
immunogenicity and the ability to reduce lice infestation in Atlantic
salmon after the experimental challenge. Both proteins, PO-my32
and TT-PO, were produced in E. coli, purified, and formulated with
Montanide' ™ ISA50 V2 as an adjuvant. A prime-boost vaccination
was used and challenges were performed at 2-, 5- and 11-months
post-vaccination to assess the onset of immunity and the duration
of protection. These results suggest that vaccination can reduce lice
infestations in Atlantic salmon, but additional studies are needed to
confirm efficacy under field conditions.

2 Materials and methods
2.1 Transcription profiling by RT-PCR

Different developmental stages of L. salmonis were sampled
from anaesthetized fish [nauplius and copepodids (2 pools of
n~1000 each), chalimus (2 pools of n~100), and males and
females (2 pools of n~50 each)]. Samples were kept in RNA-later
(Ambion) at -80°C until use. First, the RNA-later solution was
discarded and the Tri-reagent (Promega) solution was added.
Afterward, the tissue in the Tri-reagent solution was
homogenized using mortar and pestle and RNA isolation was
performed according to the manufacturer’s instructions. The
measurement of UV absorbance at 260 nm, A260/A280 ratio and
denaturing gel electrophoresis was done to check RNA
concentration and quality. Genomic DNA was removed by
DNase I digestion (Promega).

The PO transcription profile was determined by RT-PCR using
actin as a reference gene. Specific-gene primers (Table 1) were
designed according to the L. salmonis PO (BT077866) (primers A
and B) and B actin (EF490906.1) sequences (primers C and D). PCR
Master Mix (M7502, Promega) was used for amplifications according
to the manufacturer’s instructions. In these reactions, 2 pl of neat
cDNA samples were used as templates. Each primer was used at a final
concentration of 20 pM. The reactions were set at 25 uL final volume.
PCR amplifications were performed under the following conditions:
initial denaturation at 94°C for 2 min, 35 amplification cycles
(denaturing at 94°C for 30 s, annealing temperature at 58°C, and
extension at 72°C for 1 min), and a final extension step at 72°C for 5
min. Three technical replicates were done for each developmental
stage. The PCR products were separated by 2% agarose gel
electrophoresis. Control reactions were performed using the same
procedures but without adding the reverse transcriptase enzyme as a
control for DNA contamination in the RNA preparations and without
cDNA added as a control for contamination of the PCR reaction.

2.2 Cloning and expression in Escherichia
coli of PO-my32 and TT-PO antigens

To obtain the chimeric protein P0-my32, the sequence coding
for the 35 aa PO peptide between the amino acids 267 to 301 from L.
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TABLE 1 Primers used in gene isolation, gene expression studies, and recombinant Escherichia coli expression.

Primer name Gene Genebank Accession number Sequence Direction
A L. salmonis PO BT077866 GATGAAGCCCAATCCAAGAGAG Forward
B L. salmonis PO BT077866 AGGCATAGAGGGAGAGGACAG Reverse
C L. salmonis [ actin EF490906.1 CGACGAGTACCCCAAGTGTT Forward
D L. salmonis B actin EF490906.1 ACCCAAGCCTGTGTTTTGAG Reverse
E L. salmonis PO BT077866 CCATGGAATATCTGGCTGATCCCA Forward
F L. salmonis PO BT077866 GGATCCCTCAGGTTCATCCGCCTTAG Reverse
G L. salmonis my32 ADD38399 GGATCCGCTTGTGTTACTCTTAAACGTCC Forward
H L. salmonis my32 ADD38399 AAGCTTATAACTCGGAGTTTGGGAGTC Reverse

Endonuclease restriction sites are underlined.

salmonis PO was amplified first. As template, PO cDNA previously
isolated in the laboratory and already cloned in pMOS-Blue (GE
Healthcare) was used (16). This sequence was amplified using the
primers E and F containing the restriction sites Nco I-BamH I
(Table 1) to allow fusion to the N-terminal of the my32-Ls antigen
(15). This PCR fragment was sub-cloned into pGEM-T-easy
(Promega) following manufacturer’s instructions. Once the
sequence of this PO fragment with the proper restriction sites was
confirmed, the band was extracted by endonuclease digestion (Nco
I-BamH 1) and inserted into the same cloning sites of pET28a.
Afterward, my32 was amplified with primers G and H containing
BamH I-Hind III restriction sites (Table 1) using pMOS-Blue-
my32-Ls (15) as template to allow my32-Ls insertion at the C-
terminal of PO peptide in the pET28 expression vector. In this
construct, the inserted gene was controlled by the inducible T7
promoter and yielded a polypeptide with a fused C-terminal
histidine tail. The pET28a-P0-my32 expression plasmid was
transformed into Escherichia coli BL21 (DE3) strain for the
recombinant polypeptide expression. Leal et al. described the
cloning of TT-P0 antigen (16).

Both P0-my32 and TT-PO antigens were produced by auto-
induction during fermentation. The inoculum for fermentation was
a flask containing 350 mL of non-inducible medium previously
inoculated with 100 pL of 20% glycerol stocks and grown for 16 h at
37°C in a shaker incubator. This non-inducible medium was
composed of 3.5 mL of the 50X M medium (1.25 M Na,HPO,,
125 M KH,PO,, 2.5 M NH,Cl, 0.567 M Na,SO,); 0.25% (w/v)
glucose; 0.2% (w/v) L-aspartic acid; 1 mM MgSO,-7H,0, 0.1 mM
FeCl;-CaCl, and 100 pg/mL kanamycin. Complex medium IT (CM
II), modified from Studier (18) was used in the fermentation
process: 20 mL of the 50X M medium per liter, 20 mL of the 50X
5052 medium per liter (44.4% glycerol (w/v), 0.139 M glucose, 0.277
M o-lactose monohydrate), 2 mM MgSO,-7H20, 0.1 mM FeCl;-
CaCl,, 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 100 ug/mL
kanamycin. Lactose was used as an inducer in an auto-inducing
procedure for the CM II medium. The culture was grown for 7 or 10
h in a 5-L INFORS HT bioreactor (Switzerland) containing 3.5 L at
37°C, pH=7, and 600 rpm agitation. Aeration was set at 1 vvm.
Foam formation was avoided by adding Antifoam Glanapon DG
158 (Bussetti, Austria).
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The cell culture was centrifuged at 10 000 x g for 10 min at 4°C.
The cell pellet was suspended in lysis buffer (300 mM NaCl, ten mM
Tris, pH 6) and disrupted in a model APV Gaulin high-pressure
homogenizer (2-Stage 15MR8TBA 5E8870)) at 600-800 kgf/cmz.
The disrupted cell suspension was centrifuged at 10 000 x g for 10
min at 4°C. The insoluble fraction containing the recombinant
proteins as inclusion bodies was suspended in 1M NaCl, 1% Triton
X-100 using polytron Ultra-Turrax T25, IKA WERKE, and
centrifuged again at 10 000 x g for 10 min at 4°C.

2.3 Purification of PO-my32 and TT-PO
antigens

For purification of PO-my32 and TT-P0 antigens, the insoluble
fraction containing the recombinant proteins was suspended in
solubilization buffer (100 mM NaH,PO,, 10 mM Tris, 10 mM
Imidazole, 8 M urea, pH 8). It was incubated for 2 h at 37°C with
gentle agitation. Afterwards, the sample was centrifuged at 10 000 x
g for 20 min at 4°C and the supernatant was used for further
purification steps. Affinity chromatography was performed under
denaturing conditions employing IMAC SepharoseTM Fast Flow
(GE Healthcare) according to the manufacturer’s instructions
mounted on an AKTA-Pure system (GE Healthcare, Piscataway,
NJ, USA). The clarified lysate with 10 mM imidazole was loaded
onto the previously equilibrated column with equilibration buffer
(100 mM NaH,POy,, Tris 10 mM, imidazole 10 mM, urea 8 M, pH
8). Then, wash and elution were performed with the same buffer but
with 40 mM and 150 mM imidazole, respectively. The eluted
fraction containing the purified proteins was loaded onto a G-25
(GE Healthcare) column equilibrated with the vehicle buffer (100
mM NaH,PO,, 10 mM Tris HCl, 0.1% Tween-20) for refolding.
Recombinant proteins were concentrated using an Amicon Ultra-
15 ultrafiltration device (cut off 3 kDa) (Millipore-Merck,
Darmstadt, Germany).

According to the manufacturer’s instructions, protein
concentration was determined with a Bradford protein assay kit
(Pierce). The purity of recombinant proteins was assayed by
densitometry scanning of protein gels considering total
protein concentration.
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2.4 Protein gel electrophoresis and
western blotting

SDS-PAGE and immunoblotting confirmed the presence of the
recombinant protein. Protein samples were loaded on 15%
polyacrylamide gels under reducing conditions and stained with
Coomassie Brilliant Blue. For western blotting, the proteins
separated on the gel were transferred to a nitrocellulose
membrane (GE Healthcare, Amersham, Germany). Membranes
were blocked with 5% skim milk for 60 min at room temperature.
After washing with phosphate-buffered saline (PBS)-Tween 0.01%
once and with PBS twice, the membrane was incubated with an
anti-His monoclonal antibody peroxidase conjugate (A7058,
Sigma) at a dilution 1:2-000 for 60 min at room temperature.
After the washing steps, chromogenic detection was carried out
using an ECL detection system.

2.5 In-gel protein digestion and mass
spectrometry analysis

The identity of the purified protein was confirmed by mass
spectrometry analysis. The Coomassie blue-stained band was
excised from SDS-PAGE gels and incubated at 37°C with 50%
acetonitrile in 1% ammonium bicarbonate until colorless. The gel
slice was dried and rehydrated in 25 mM ammonium bicarbonate
buffer containing sequencing-grade trypsin at 12.5 ng/uL. The in-
gel digestion was for 16 h at 37°C. The resulting proteolytic peptides
were passively eluted in 0.2% formic acid solution, desalted using a
ZipTips reverse phase micro column, and loaded into gold-coated
borosilicate nanotips for mass spectrometry analysis.

Low-energy ESI-MS and MS/MS spectra were acquired using a
QTOF—ZTM mass spectrometer from Waters (Manchester, UK). The
capillary and cone voltages were set to 1200 and 35 V, respectively.
The multiply-charged signals of the highest intensity corresponding
to tryptic peptides were further analyzed by ESI-MS/MS using
appropriate collision energies to obtain partial or complete amino
acid sequences.

2.6 Vaccine formulation

Purified recombinant proteins TT-PO and P0-my32 were
formulated in Montanide " ISA50 V2 (Seppic, Paris, France) at a
ratio of 50/50 (w/w). Formulations were made using a Politron
(Ultra-Turrax T25, IKA WERKE, Germany).

2.7 Immunogenicity in mice

Mice studies were approved by the Ethical Committee on Animal
Experimentation of the Center for Genetic Engineering and
Biotechnology (CIGB, Havana, Cuba). Female BALB/c of 5-6
weeks and 15-18 g were used. Ten mice per group were
immunized by intraperitoneal injection with P0O-my32 or TT-P0O
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vaccine formulations at a dose of 20 pg per mouse in a total
volume of 20 uL on days 0 and 14. Control mice were immunized
with the same volume of adjuvanted vehicle buffer. Blood was
collected by retro-orbital bleeding 28 after the beginning of the
experiment (14 days after booster). Serum for antibody analysis was
obtained by centrifugation at 10 000 x g for 5 min. Antigen-specific
total IgG antibodies in the sera of vaccinated mice were determined
by a sandwich ELISA. High-binding microtiter plates (Costar) were
coated overnight, using 5 ug/mL of purified protein. After blocking
with 3% skim milk for 1 h at 37°C, two-fold serial dilutions of sera
were applied from 1:500 to 1:32-000 and incubated for 2 h at 37°C.
After 4 wash steps with PBS-Tween 0.05%, bound antigen-specific
antibodies were detected by incubation with anti-mouse IgG (Sigma-
Aldrich, USA) conjugated with peroxidase at 1:10 000. Followed by 4
wash steps, the addition of substrate solution developed the reaction.
After 10 min, the reaction was stopped with a stop solution. The color
intensity was measured at 450 nm. The titer was the highest dilution,
giving an optical density twice the value of the pre-immune serum.

2.8 Salmon vaccination and challenge trial

2.8.1 Fish

Postsmolt of Atlantic salmon (Salmo salar), strain AquaGen,
with 50-60 g at the time of first vaccination - were used. Sexually
matured, injured or deformed fish were excluded from the study
during the experiment. The trial was performed according to the
Standard Operating Procedures at Solbergstrand/NIVA, Norway.
Fish were marked with pit tags and they were acclimatized for 14
days after transfer to the experimental facility. The fish and tanks
were fed and monitored daily. Mortalities were also collected daily.
Intake water temperature was observed. Environmental and
handling parameters are summarized in Supplementary Table SI.
The experiment was approved by the Food Inspection Agency,
FOTS ID 19688, Norway.

According to Solbergstrand standards, the fish were fed with an
automatic feeder (feeding of periods of 20 sec 5 times per day). Each
day before and after challenge feeding, the target feeding level was
1-2% body weight/day, with an average ingestion rate of 1.5% offish
body weight/day.

2.8.2 Fish vaccination

For fish vaccination experiment, 300 Atlantic salmon were
randomly partitioned into four experimental groups: three test
groups and a non-vaccinated control group. The trial included
three parallel tanks per experimental group with 25 fish per tank
(n=75 fish per group). Fish were anesthetized with benzocaine 20%
(Euro-pharma) and vaccinated by intraperitoneal injection with 0.1
mL of TT-PO vaccine formulation (100 ug/0.1 mL of TT-P0O
antigen), PO-my32 vaccine formulation (100 pg/0.1 mL of PO-
my32 antigen) or vehicle buffer adjuvanted in Montanide ISA50
V2 (adjuvant control group). Vaccination was done manually. The
time of the first vaccination was set as study week 1. At 350 degree
days (DD) post prime injection, a booster dose was administered
using the same method as the first injection. Afterward, the fish
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were gradually acclimatized to seawater. The timeline for the

experiment is summarized in Table 2.

2.8.3 Challenge trials with Lepeophtheirus
salmonis

The first challenge with sea lice (L. salmonis) copepodids was
300 DD post-booster immunization. Copepodids were obtained
from Industry Laboratory, Norway. Fish were exposed to 30
copepodids/fish (17) for 30 min in stagnant water while oxygen
was added to keep concentration >80% saturation. Water flow was
resumed when the challenge period was completed (19).

Counting was performed 12 and 32 days post-challenge (dpc).
Counting at 12 dpc was done in 9 fish from each group (3 fish

TABLE 2 Timeline for salmon vaccination experiment using P0O-my32
and TT-PO as antigens and challenge with Lepeophtheirus salmonis.

Activity Study week Comments
Weigh fish,
transfer into Good quality fish
trial tank
Good growth

Pre-feeding period Kept in recirculation

system

Week 1 (First
Vaccination-Prime injection -

defines time zero)
Week 4 (Boost at

Vaccination-Boost -
accination-Boos 350 degree days)

Transfer to Transfer in plastic bags,

Week 7
challenge facility e no mortalities
Transfer to Turned on sea water, flow
Week 7
sea water through system
Chall
. crge . Week 7 300 degree days after booster
with copepodids
First counting of Week 9 12 days (chalimus stage) post
sea lice challenge. Counting of 9 fish/group.
Second cognting Week 12 32 days post challenge.All
of sea lice fish counted.
Deloused Week 18
with freshwater e
New batch of dids, check
2nd infection with o ,a c Of Copepocids, © e,c
. Week 19 for activity and control counting
copepodids
performed
Examined for Brief examination of fish, no
success Week 22 counting.
of infection Small lice/early development stage.
Counting of All lice at preadult/adult
k 2
ond challenge Week 25 No mature males or females.
Delousing Week 26 -
3rd challenge Week 44 -
Counting .
Week 51 Preadult/adult lice stage

3rd challenge
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randomly picked from the 3 parallel tanks per group). At 32 dpc, the
total number of lice on each fish was counted and the different
stages were determined. Fish were treated with freshwater after
counting to ensure no lice were present before next challenge. The
second and third challenges with new copepodids were done in
study weeks 19 and 44. Counting was done in study weeks 25 and
51, respectively (Table 2).

The second challenge was performed in three replicate tanks per
group using the above mentioned protocol. The third challenge was
a common garden experiment with fish from all vaccine groups
kept together. After the third challenge, fish were euthanized and
side-effect scores were registered.

2.8.4 Side effects

After lice counting, injection site reactions in the peritoneal
cavity were recorded and scored as described (20). The fish were
euthanized by cranial concussion and the peritoneal cavity was
opened by a ventral incision for inspection. The assessment of side
effects included the inspection for adhesions between the parietal
wall and the internal organs and/or adhesions between organs.
Melanin deposition was recorded at the site of injection and in the
visceral peritoneum (over the internal organs). Fish were weighed
before opening the abdominal cavity.

2.8.5 ELISA tests

Plasma was collected from 12 fish in each treatment group (TT-
P0, PO-my32, and adjuvant control) and non-injected (control) fish at
the final counting of the 3™ challenge. After being put in deep
anesthesia, blood was collected from the caudal vein using
vacutainers (heparin as anticoagulant) and transferred to ice before
centrifuging (3 500 x g, 10 min at 4°C). The purified proteins were
used to coat the ELISA plates (1 pg/mL of protein) overnight at room
temperature. The following day, plates were washed (3x) with PBS at
room temperature. Plasma samples were diluted 1: 400 in sterile
water and incubated at room temperature for 30 min, followed by 3x
washing with PBS. The reaction was developed with a peroxidase-
conjugated monoclonal antibody, anti-IgM (diluted 1: 3 000),
followed by 3x washing in PBS and then adding 100 pl substrate
solution. This was followed by incubation for 15 min, after which a
stop solution (0.01M H,SO,) was added. The color was read at
492 nm.

2.9 Statistical analysis

Statistical analysis and graphs were made using the Prism 8.02
software for Windows (GraphPad Software, San Diego, CA, USA)
or Stata 16, College Station, TX 77845, USA. Power analysis was
conducted to determine optimal sample size in the fish experiment
using GPower (21). Lice numbers between treatment groups were
compared using Poisson regression or Negative binomial regression
analysis, pending the distribution of lice in the test groups (Stata
16). Differences in adhesions and antibody levels among groups
were analyzed with a non-parametric statistical method (Kruskal-
Wallis equality-of-populations rank test).
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3 Results

3.1 PO gene expression analysis in

L. salmonis life cycle, production of
PO-my32 and TT-PO recombinant proteins
and immunogenicity in mice

Gene expression analysis showed that PO mRNA is detected in
all the developmental stages assayed: nauplius, copepodids,
chalimus, and adults. The B actin amplification corroborated the
quality of the cDNA samples (Supplementary Figure SI).

The recombinant protein expression analysis of chimeric PO-
my32 showed a band between 20 and 28 kDa in the lane
corresponding to BL21(DE3)-pET28a-P0-my32 E. coli cell extracts
after 4 to 7 hours of fermentation (Figure 1). A wet biomass of 40 g
was obtained at the end of the fermentation process. The estimated
size based on amino acid sequence was approximately 25 kDa. After
cell disruption, most of the protein was obtained forming inclusion
bodies. The protein was obtained with 86% purity (Figure 1) after
solubilization in urea and purification by affinity chromatography to
niquel metal chelates. The presence of the histidine tag was confirmed
using an anti-His monoclonal antibody (Figure 1).

The expression analysis of the TT-P0 protein showed a band
between 6 and 15 kDa in the lane corresponding to BL21(DE3)-
pET28a-TT-PO E. coli cell extracts after 4 to 10 hours of

FIGURE 1

bl e

10.3389/fimmu.2025.1570948

fermentation (Figure 1) and 63 g of wet biomass was obtained at
the end of the fermentation process. The obtained band agrees with
the expected molecular weight for the TT-P0O protein of 8.3 kDa,
according to the prediction based on the amino acid sequence
deduced from the nucleotide sequence. After purification, the
protein was obtained with 91% purity (Figure 1). The western
blotting result also confirmed the presence of the His-tag (Figure 1).

ESI-MS/MS analyses of the peptides derived from the tryptic
digestion of the purified PO-my32 were performed. Spectra were
manually analyzed, and reliably extracted sequences were used to
confirm the identity of the recombinant PO-my32 (Supplementary
Figure S2). Additionally, the mass spectrum of TT-PO tryptic
digestion of the most intense band showed few signals, typical of
a low molecular weight protein and multiple tryptic sites. The most
intense signals were fragmented, and the MS/MS spectra were
analyzed manually. The sequences obtained confirmed the
identity of the TT-PO chimeric protein (Supplementary Figure S3).

The immunogenicity of both vaccine candidates was tested in
mice before the salmon experiment and assessed for ability to
induce antibody responses. The response was evaluated 28 days
after the beginning of the experiment. The PO-my32 antigen
resulted in antibody titers ranging from 8-000 to 32 000
(Supplementary Figure S4). At the same time, for TT-P0, all mice
had specific antibody titers above or equal to 32 000, except for one
mouse with a titer of 16 000 (Supplementary Figure S4).
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-
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(A) SDS-PAGE 15% of 3.5 L PO-my32 fermentation process. Lanes 1-5: 0, 2, 4, 6, and 7 h of fermentation. The arrow indicates the target protein. (B)
15% SDS-PAGE and (C) Western blot with anti-His monoclonal antibody of the final product after PO-my32 purification and buffer ex-change. Lane
1: PO-my32, lane 2: Molecular weight marker. (D) SDS-PAGE 15% of 3.5 L TT-PO fermentation processes. Lanes 1-6: 0, 2, 4, 6, 8 and 10 h of
fermentation. (E) 15% SDS-PAGE and (F) Western blot with anti-His monoclonal antibody of the final product after TT-PO purification and buffer

exchange. Lane 1: TT-PO, lane 2: Molecular weight marker.
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3.2 First and second challenge in salmon

At 12 dpg, three fish were sampled from each replicate tank, for
nine fish per experimental group. The average number of lice
(chalimus) per fish in TT-P0, P0-my32, the Adjuvant-control
group, and the non-injected control group was 4.7, 4.7, 8, and
12.9, respectively (Figure 2).

At 32 dpc, the lice had reached the pre-adult stage with an
average number of lice in the control group of 10.5 + 0.42 (S.E.M)
lice/fish and 5.6 + 0.24 (S.E.M) lice/fish in the adjuvant control. The
P0-my32 group had an average of 0.91 + 0.1 (S.E.M) lice/fish and
TT-P0 1.3 +0.13 (S.E.M) lice/fish (Figure 3). Lice numbers are right
skewed for TT-PO and P0-my32 groups while more normally
distributed for control and adjuvant control (Supplementary
Figure S5). The variation in mean lice number between tanks
within groups was < 10%. The percentage reduction was 88% and
91% in the TT-PO group and P0-my32 group, respectively,
compared to the non-injected control (p<0.0001, Poisson
regression). The reduction percentage in TT-PO and P0-my32
compared to adjuvant control was 77% and 84%, respectively.
The number of lice in the adjuvant control group was reduced by
47% compared to non-injected control (p<0.0001, Poisson
regression). No mortalities were recorded at this time except for
one fish that was euthanized in one of the non-injected control
tanks due to a skin ulcer.

The 2nd challenge was done 15 weeks after the boost injection.
Counting of lice was carried 40 dpc, when the lice had developed to
pre-adult stage with a few mature lice (< 5%). The average number
of lice in the controls was 18.6 + 0.4 (S.E.M) lice/fish (average for 3
tanks) and 14.7 £ 0.38 (S.E.M) lice/fish in the adjuvant control
(Figure 4). The lice numbers were close to normally distributed by
groups (Supplementary Figure S6). The TT-PO group had 1.8 +0.16
(S.E.M) lice/fish, giving a 90.3% reduction relative to controls, and

Lice numbers

cul Adj

FIGURE 2
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4.6 £ 0.22 (SEM) lice/fish in the PO-my32 group, showing a
decrease of 75.4% compared to the control fish (p<0.0001,
Poisson regression). Further, an 88% reduction in the TT-P0 and
69.3% in the P0-my32 groups was observed compared to the
adjuvant control (p<0.0001). Differences were also observed
between TT-PO and PO-my32 (p<0.001) and between adjuvant
and non-injected control groups (p=0.001, Kruskal-Wallis test)
(Figure 4). The survival per experimental group was 97%, 85%,
95%, and 96% for non-injected control, adjuvant control, P0-my32,
and TT-PO, respectively.

3.3 Third challenge, evaluation of side
effects and antibody response

At the end of the second challenge, the fish were deloused and
transferred to a large holding tank, where all fish were kept in a
standard tank up to the challenge. The third challenge commenced
in week 44, which corresponded to 11 months post-boosted
vaccination. Counting was carried out at experimental week 51.
The results show a 20% reduction in lice numbers for TT-PO relative
to Ctrl (p=0.005, Poisson regression), a 15.8% reduction in lice
numbers for TT-PO compared to PO-my32 (p=0.04), and a 15.1%
relative to Adj-ctrl (p=0.05, Figure 5). The survival per experimental
group was 79%, 69%, 80%, and 78% for non-injected control,
adjuvant control, P0-my32, and TT-PO, respectively.

The adhesion scores for the PO-my32 vaccinated fish were
higher than for the other groups (Figure 6, p<0.01, Kruskal Wallis
test). Further, the TT-PO group scored significantly higher than
adjuvant control (p=0.0038) and non-injected control (p=0.028).
Melanin scores were low for all groups, with a few fish scoring 3 in
the TT-PO group (Supplementary Figure S7). There was no
significant difference in weight between the groups, but fish in the

PO-my32

Sea lice count on individual fish (N=9 fish/group; 3 fish/tank) vaccinated with PO-my32 or TT-PO vaccine formulations and controls. Challenge was
done at 650 DD after first immunization and. lice counts (chalimus) were done 12 days after challenge. Data are presented as 25/75 quartiles and
95% Cl (spikes). The black dots represent the sea lice count in each individual fish. Treatments are differentiated by colors. Ctrl: non-injected fish;
Adj: injected with vehicle buffer formulated in Montanide ISA50 V2; PO-my32: Fish were injected with 0.1 mL of PO-my32 vaccine formulation
(equivalent to 100 ug of PO-my32 antigen); TT-PO: Fish were injected with 0.1 mL of TT-PO vaccine formulation (equivalent to 100 ug of TT-

PO antigen).
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FIGURE 3

Sea lice count on individual fishes (N=74-75 fish/group) vaccinated with PO-my32 or TT-PO vaccine formulations and controls. Challenge was done
at 650 DD after first immunization. Sea lice counts were done 32 days after challenge. Data are presented as 25/75 quartiles and 95% ClI (spikes). The
dots represent the sea lice count in each individual fish. Treatments differentiated by colors. Ctrl: non-injected fish; Adj: injected with vehicle buffer
formulated in Montanide ISA50 V2; PO-my32: injected with 0.1 mL of PO-my32 vaccine formulation (equivalent to 100 pug of PO-my32 antigen); TT-

10.3389/fimmu.2025.1570948

PO: Fish were injected with 0.1 mL of TT-PO vaccine formulation (equivalent to 100 ug of TT-PO antigen).

P0O-my32 group had the lowest average weight (370.2 + 284 g
(S.E.M)) versus controls at 409.7 + 30.7 (S.E.M) g. Adj ctrl was 418.6
+ 36.4 (S.EM) g and TT-PO was 403.2 + 23.2 (SEM) g.

Plasma samples collected at final counting (12 months post
boost) were assessed for the level of circulating antibody against
homologous antigens by ELISA (Figure 7). The TT-P0 vaccinated
fish had the highest OD values, more than twice the value found for
P0-my32 (p=0.0001), which indicates a higher amount of specific
circulating antibodies. We were not able to detect antibody response
in the adjuvant and non-injected control groups because these
groups had OD values at the background level.

We also plotted antibody responses against lice numbers for all
groups. Still, we found no clear trend (Supplementary Figure S8),

30

20

Lice numbers

ctr Adj

FIGURE 4

apart from a tendency for lice numbers to decline with increasing
OD values in the TT-P0 group.

4 Discussion

Vaccines developed using modern approaches have shown great
potential for the upcoming aquaculture vaccines and they are an
alternative for traditional fish vaccines (22-24). These modern
vaccine approaches has targeted specific pathogen components.
For example, very recently a peroxiredoxin-2-derived peptide of
13 aa was selected for salmon immunization against sea lice after
high-throughput proteomic analyses of blood samples from

P0-my32 TT-PO

Sea lice count on individual fishes (N=64-73 fish/group) vaccinated with PO-my32 or TT-PO vaccine formulations and controls. Second challenge
was done at study week 19. Sea lice counts were done 40 days after challenge. Data are presented as 25/75 quartiles and 95% CI (spikes). The dots
represent the sea lice count in each individual fish. Treatments differentiated by colors. Ctrl: non-injected fish, Adj: injected with vehicle buffer
formulated in Montanide ISA50 V2; PO-my32: injected with 0.1 mL of PO-my32 vaccine formulation (equivalent to 100 pg of PO-my32 antigen); TT-
PO: Fish were injected with 0.1 mL of TT-PO vaccine formulation (equivalent to 100 ug of TT-PO antigen).
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P0-my32

Sea lice count on individual fishes (N=52-60 fish/group) vaccinated with PO-my32 or TT-PO vaccine formulations and controls. Third challenge was
done at study week 44. Sea lice counts were done 32 days after challenge. Data are presented as 25/75 quartiles and 95% Cl (spikes). The dots
represent the sea lice count in each individual fish. Treatments differentiated by colors. Ctrl: non-injected fish; Adj ctrl: injected with vehicle buffer
formulated in Montanide ISA50 V2; PO-my32: injected with 0.1 mL of PO-my32 vaccine formulation (equivalent to 100 pug of PO-my32 antigen); TT-
PO: Fish were injected with 0.1 mL of TT-PO vaccine formulation (equivalent to 100 ug of TT-PO antigen).

Atlantic salmon with a high lice infestation and bioinformatics
analysis (25).

The main finding of present study is that the PO protein fused
with the TCEs from tetanus toxin and measles virus at the N-
terminus peptide elicits a significant reduction of lice infestation for
up to 12 months post-vaccination. The PO protein has two well-
known biological functions. First, it is an essential component of
ribosomes in assembling the 60S ribosomal unit and the cell
synthesis machinery (26). Secondly, it plays a role in DNA repair
and apoptosis when dephosphorylated. PO is localized
intracellularly in cell membranes and saliva, but the functions
associated with the latter localization are still unknown (27-30).

My32/akirin proteins are involved in a wide range of processes
through direct or indirect regulation of gene transcription and are

downstream components of immune deficiency (IMD) pathway in
arthropods (31). My32 gene knockdown affected growth, fertility,
molting, survival, weight, and oviposition in both, ticks and sea lice
(14, 15, 32). These proteins are present in all development stages of
lice (14, 15), which makes them potentially good targets for
immunological control of sea lice infestation.

Both antigens have been previously tested for their potential to
control sea lice infestations in salmon (14, 17). Still, the effect of
combining PO and my32 in a chimeric protein or the long-term
protection has just been studied. TT-PO vaccinated fish have
significantly fewer lice (moveable stages) than the adjuvant and
control groups for all three challenges. PO-my32 vaccinated fish also
had significantly lower infestation after vaccination, but the effect
waned earlier than in the TT-P0O group. PO-my32 vaccinated fish
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Adhesion scores for the different groups were recorded at 12 months post-vaccination. Score categories are 0—-3 and y-axis indicates percentage of
scores within each category. Ctrl: non-injected fish; Adj: injected with vehicle buffer formulated in Montanide ISA50 V2; PO-my32: injected with 0.1
mL of PO-my32 vaccine formulation (equivalent to 100 pg of PO-my32 antigen); TT-PO: Fish were injected with 0.1 mL of TT-PO vaccine

formulation (equivalent to 100 ug of TT-PO antigen).
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PO-my32

TT-PO

Antibody levels (OD4g> nm) in the vaccine and control groups (n=12 fish per group) at 12 months post-vaccination. Data are presented as 25/75
quartiles and 95% CI (spikes). TT-PO group has significantly higher OD values than PO-my32 (p=0.0001). Ctrl: non-injected fish; Adj: injected with
vehicle buffer formulated in Montanide ISA50 V2; PO-my32: injected with 0.1 mL of PO-my32 vaccine formulation (equivalent to 100 ug of PO-my32
antigen); TT-PO: Fish were injected with 0.1 mL of TT-PO0 vaccine formulation (equivalent to 100 g of TT-PO antigen).

also had lower circulating antibody levels at 12 months post-
vaccination than the TT-PO group and had significantly higher
side-effect scores at this time point than the TT-P0O group.
Accordingly to these results, TT-P0 vaccine candidate seems to be
a better choice to advance in a therapeutic vaccine development
against sea lice. Fish in the adjuvant control group had fewer
parasites per fish than non-vaccinated controls which indicate a
stimulation of innate defenses triggered by the adjuvant
Montanide " ISA50 V2. This adjuvant has also been used
previously in salmon to test sea lice vaccine candidates (17, 33).
The fact that the oil adjuvant upregulates innate immune responses
at early times post-immunization in Atlantic salmon has been
shown in different fish species (34-36). Limited studies have
shown that oil adjuvants induce a pro-inflammatory response in
fish and this response can play a role in reducing lice
infestation (37).

There are relatively few studies on vaccination against L.
salmonis infestation in salmon (17, 19, 25, 33). Therefore, there
needs to be more scientific background to build an understanding of
protective immune mechanisms. On the other hand, host immune
responses to L. salmonis infestation in non-vaccinated (naive)
Atlantic salmon have been the subject of several studies. It has
been reasonably well documented that infestation will modulate
local and systemic innate and adaptive immune responses,
primarily based on differential regulation of gene expression. In
contrast, underlying functional immune mechanisms have not been
studied (38-41). Naive susceptible salmon are typically biased
toward Th2 responses (tissue preservation) (38, 42). At the same
time, the immune response in Atlantic salmon families associated
with sea lice resistance have been linked to an immune response
with a Th1 bias (37). Studies that include active immunization of
salmon before challenge with copepodids have found modulation of
pro-inflammatory responses with differential expression of Th1 and
Th2 cytokines linked to reduced infestation (17). However, no clear
pattern or profile of a protective response has been shown. It should
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also be added that the effects of lowering lice numbers have been
moderate (17). Others have demonstrated strong humoral immune
responses towards recombinant lice proteins that are related to
midgut function and blood digestion in lice, with moderate-to-good
reduction of infestation for adult females (13-29%) or male lice (27-
50%) (33). No clear correlation was found between high circulating
antibody levels and reduced lice infestation (33).

We found that the best-protected group had the highest
homologous circulating antibody levels, but to what extent
antibodies play a role in protecting skin mucosa during lice
infestation remains to be proven. Following immunization with
TT-PO/TCE proteins, the strong antibody response aligns with
previous studies (16). Similar to other studies, we did not find a
clear correlation between the level of circulating antibodies and lice
numbers (33) but we had a limited number of plasma samples from
the different groups and only one sampling time. Thus, further
experiments increasing the number of samples and sampling times,
could provide more evidences about the correlation between
antibody and infestation levels. Additionally, the secondary
antibody used in the ELISA setup detects both IgM and IgT,
where IgT is primarily found in the mucosal lining (43).
However, the extent to which it would contribute to reducing the
number of attached lice is unknown.

Currently, no functional assays are available to measure or
quantify T-cell responses in salmon, and transcript profiling is used.
We did not include gene expression studies in this experiment as it
has previously been shown that the promiscuous T cell epitopes of
tetanus toxin/measles protein (TCEs) conjugated to TT-PO facilitate
a mixed Th1/Th2/T17/Treg pattern in salmon (17). In hindsight,
and the lack of correlation between circulating antibodies and lice
infestation, this could have shed more light on underlying
immune mechanisms.

More recently, a peptide-based vaccine based on the PO acidic
ribosomal protein of ticks (residues 282 to 301 (pP0)) and
conjugated to keyhole limpet hemocyanin (KLH) of gastropod
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Megathura crenulata or Bm86 was evaluated for its ability to impact
ticks viability in Rhipicephalus spp (44-46). and Amblyomma
mixtum (47). These vaccine candidates induced high
immunogenicity and in general they have a good efficacy. On the
contrary, when the same strategy was employed in the fish Labeo
rohita against the parasite Argulus siamensis, only a partial
protection was achieved. These differential results emphasize the
importance of antigen design and delivery that must be adjusted to
the specific host and pathogen (48).

Irrespective of the underlying mechanisms, the reported percent
of reduction in parasite number is the highest and long term
reported in laboratory-controlled conditions. Previous laboratory
trials employing my32, TLR-6, or a potassium chloride and amino
acid transporter as antigens gave reductions in parasite numbers
ranging from 31 to 57%, either at the chalimus or adult stage or in
the case of my32 only at the second parasite generation (14, 33).
Later studies using the peroxiredoxin-2 peptide-derived vaccine
demonstrated a 60-70% protection against early-stage L. salmonis
experimental infection and 92% reduction in the number of adult
lice in C. rogercresseyi but only for a short period of time and with
significant loss of lice throughout the experiment (25).

The results obtained in this study for the TT-PO/TCE antigen
are superior to those obtained in previous studies (17). The main
difference in the procedure used herein as compared to the previous
study is the prime-boost strategy with homologous antigens (and
formulations) in freshwater. In contrast, a booster in seawater was
used in the previous survey. Here, we also show the duration of
protection, equivalent to (almost) the entire salmon production
cycle in a commercial setting.

Two approaches for challenges were used; the first two were
performed with vaccine groups kept in individual tanks (in
triplicate), with a common-garden setup for the final challenge.
Triplicate tanks (per group) allowed compensation for the so-called
“tank effect,” and low inter-tank variation of lice numbers was
observed (S.E.M<0.4 for average lice numbers for all the groups). A
20% reduction in infestation in the TT-PO vaccinated group at the
last challenge using a standard garden setup is intriguing and
warrants further studies, particularly since moveable lice stages
can redistribute between fish in the tank using this approach, thus
mimicking a natural condition and this can potentially mask the
effect of vaccination (33, 49) or it could be related to a waning
immune response over time.

From studies of vaccination against ticks in mammals, control
and reduction of the population is possible by combined control
programs with integrated management strategies, where
vaccination constitutes a vital pillar, even when vaccine efficacy is
less than 100% (10, 46). Gavac® is the cuban commercial vaccine
against ticks based on Bm86 protein. It has been applied to more
than 3 million cattle in Cuba, Venezuela, Mexico, Brazil, and
Colombia with an efficacy ranging between 51% and 99%,
depending on the tick strain, providing good documentation that
immunologic control of tick infestation under field conditions is
possible (10, 50-53). In this context, lice reductions obtained in
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laboratory conditions could be promising, particularly when
combined with other control strategies.

In summary, the results of this study at the laboratory
scale constitute the bases for the development of further
experiments under large-scale production settings. One of the
main challenges for these vaccines is the perception that they will
act like chemicals with an on/off effect. The commercial Bm86-
based Gavac® vaccine has shown a reduced tick population in the
context of an integrated control program. Its application reduced
considerably the number of treatments with chemicals over time.
Based on this experience, the reduction in the number of chemical
delousing treatments over the salmon production cycle would be a
viable approach to evaluate the impact of vaccination under
field conditions.
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