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ABSTRACT

The salmon louse (Lepeophtheirus salmonis) is an ectoparasite feeding on mucus, skin, and blood of salmonids. On
parasitised fish erosions and, at later lice stages, ulcerations appear at the louse feeding site. In susceptible
species like Atlantic salmon (Salmo salar) with a limited rejection of lice, only a mild inflammatory response with
minor influx of immune cells is seen at these lesions, as the salmon louse secrete proteins that can dampen
immune responses. In a previous study, Lepeophtheirus salmonis labial gland protein 3 (LsLGP3) was suggested to
dampen cellular responses, and the present study aimed at increasing our understanding of its mode of action.
LsLGP3 was found to be secreted on to the host skin, and both in vivo and in vitro experiments were performed to
elucidate its function. Histological analysis of the louse attachment site revealed an epidermal and dermal influx
of mainly macrophages and granulocytes after 5 days post infestation. The immune cell influx was deeper in the
dermis throughout the louse infestation, and LsLGP3 may be involved in dampening this response. Enriched
populations of Atlantic salmon B-cells, T-cells, granulocytes, and monocytes were exposed to recombinant
LsLGP3 (recLGP3) in vitro, resulting in a significant decrease in cell viability compared to non-exposed controls.
An apoptotic cell morphology with “beads-on-a-string” like protrusions was seen in all leukocyte cell fractions
after recLGP3 exposure, but not in erythrocytes or keratocytes. A decreased viability was also detected in pink
salmon leucocytes, which was not in leucocytes from non-salmonid species. These functional insights suggest
that LsLGP3 specifically induces apoptosis of salmonid leukocytes and is likely a key protein secreted by the lice
that disables the Atlantic salmon ability to mount an adequate immune response towards the salmon louse. In
vivo LsLGP3 knock down studies indicated that the effect is localised primarily at the lice feeding site, without
affecting immune cells that are not situated adjacent to the lice-inflicted lesion. The findings from this study
could significantly aid in the development of new immune based anti-salmon louse prophylactic measures and
treatments.

1. Introduction

louse numbers in farmed areas are suggested to negatively impact wild
Atlantic salmon and sea trout (Salmo trutta) populations [9-11].

The salmon louse (Lepeophtheirus salmonis) is a marine copepod
ectoparasite infesting the skin of salmonid fish. Here, the louse feeds on
host mucus, skin, and blood, causing mechanical damage seen as ero-
sions and light ulcers [1-5]. High levels of parasites can be harmful to
smaller fish, causing chronic stress that increases their susceptibility to
other diseases, and disrupt their osmotic balance [5-8]. High salmon
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Consequently, measures have been implemented to manage and control
salmon louse numbers on farmed fish [12,13]. The current delousing
methods in use, however, either have a low efficacy, risk of
resistance-development or cause problems with fish health and welfare
[14,15]. Therefore, there is a need for new and sustainable methods for
maintaining low lice numbers in salmon farms, such as immune based
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anti-salmon louse prophylactic measures and treatments. To obtain this,
more knowledge about the host-parasite interaction and salmon louse
biology is needed.

The life cycle of the salmon louse consists of eight developmental
stages separated by moults [16,17]. After two free living planktonic
stages (nauplius I and II), the copepodid stage can attach to and feed off
the fish mucus and epidermis and cause superficial wounds [3,16,18,
19]. This enables the louse to moult to the chalimus stage, where it in-
creases in size and causes more damage to its host [3]. The chalimus
further moults into the pre-adult and adult stages, where the louse
inflicted wounds extends into the dermis as the lice starts blood feeding
[4,19,20]. In susceptible species like Atlantic salmon (Salmo salar) and
rainbow trout (Oncorhynchus mykiss), lice clearance is minimal, even
though an influx of immune cells are observed in the dermis [4,19-21].
The number of immune cells attracted to the point of attachment is,
however, not very prominent, and only a modest early increase in
transcripts encoding immune cell markers such as non-specific cytotoxic
cell receptor protein 1 (nccrpl) and cd8a are seen [19,22]. Interestingly, a
significant downregulation of transcripts related to the adaptive im-
mune response has been observed in Atlantic salmon and rainbow trout
skin at adult louse attachment site [19,22]. Thus, the louse seems to
dampen host immune response in susceptible salmonids to avoid
clearance. In contrast, juvenile pink salmon (Oncorhynchus gorbuscha) is
one of the least susceptible salmonid species and mostly clears off the
infestation at the copepodid or chalimus I stage [23-25]. In pink salmon,
lesions at the louse attachment site are seen as ulcerative necrosis,
haemorrhage, and mucosal and dermal leukocyte infiltration [26]. In
Coho salmon (Oncorhynchus kisutch), also resistant to the salmon louse,
dermal mast cells and epidermal macrophages, neutrophils and lym-
phocytes are seen at the louse attachment site, followed by keratocyte
hyperplasia [27,28]. As hyperplasia followed by fibrosis is commonly
induced in Atlantic salmon skin towards louse remnants [3], it seems
that live salmon lice prevent Atlantic salmon to mount an adequate
response to clear off the louse infestation.

The salmon louse was recently found to dampen immune responses
through protein secretion from louse exocrine glands, more specifically
the labial glands [29,30]. Labial gland proteins are secreted through
ducts ending next to the mandible teeth that are used for feeding [31,
32]. Thus, labial gland proteins from the salmon louse are proposed to
be deposited onto the lice feeding site to enable a dampening of host
responses [29,30,32]. As of now, 15 labial gland proteins are identified,
and most of these proteins seem to be important for host settlement as
the labial gland gene expression is initiated once the copepodid become
infective prior to host settlement [29,30]. There are, however, two
transcripts that are induced as a response to host settlement, namely
Lepeophtheirus salmonis labial gland apyrase 7 (LsLGA7) and Lepeoph-
theirus salmonis labial gland protein 3 (LsLGP3) [29]. LsLGP3 is a rela-
tively small (18 kDa) positively charged protein having labial gland
expression that increases as the lice develops into the more virulent
adult stages [30]. As recombinant LsLGP3 (recLGP3) decreased the
transcript level of igd, igt, cd8a, and ifng in Atlantic salmon head kidney
leukocytes, LsLGP3 was suggested to dampen cellular responses through
an unknown mode of action. The present study therefore aimed to un-
derstand how LsLGP3 may dampen cellular responses and its specificity
to different fish species and cell types. In vivo functional knock-down
(KD) in lice followed by transcriptomic analysis of host responses to-
wards KD lice, and in vitro viability measurements of recLGP3-exposed
leukocytes separated in different cell populations and isolated from
different fish species were carried out to elucidate the mechanism
behind LsLGP3-induced cell dampening.
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2. Materials and methods
2.1. In vivo experiments

2.1.1. Rearing and source of L. salmonis

The lab strain LsGulen of L. salmonis salmonis was used and reared on
farmed Atlantic salmon in 1 x 1 flow through tanks at 34 ppt NaCl, 9 +
0.5 °C, 12:12 light cycle, and nauplii were obtained from hatching eggs
and kept in single wells in a flow through system according to Hamre
et al. (2009), both at the wet lab facility of the University of Bergen,
Norway.

2.1.2. Rearing conditions and histology

Atlantic salmon with an average weight of 350 + 48 g were accli-
matised for 14 daysin 1 x 1 m flow through tanks at 12 °C, 34 ppt NaCl
and 12:12 light cycle at the wet lab facility of the University of Bergen,
Norway. The fish were daily hand fed with Nutra Olympic 4.0 mm
(Skretting). They were infested with 100 copepodids/fish and scaled
skin samples for histology were taken 3-, 5- and 7-days post infestation
(dpi), and in a separate experiment under the same conditions, samples
were taken 12 days post infestation. In a third experiment, the infesta-
tion pressure was lowered to 50 copepodids/fish due to animal welfare
and higher virulence of pre-adult/adult lice, and fish kept at 9.3 °C could
thereby be left for 51 dpi when scaled skin samples for histology were
taken. Specimens were fixed by overnight immersion in a mixture of 0.9
% formaldehyde, 2.3 % glutaraldehyde, 4 % (w/v) sucrose in PBS (380
mOsm/L) with the pH adjusted to 7.35. Following this, the specimen
was dehydrated using a graded ethanol series (50, 70, 80, 90, 96 %). The
Technovit 7100 solution (Heraeus Kulzer Technique) was used accord-
ing to the manufacturer’s recommendations for 6-h pre-infiltration, 12-h
infiltration and embedding. The specimens were sectioned (2 pm) using
a microtome (Leica RM 2165) and stained with 1 % Toluidine blue and
0.1 % sodium borate for 1 min and rinsed in running tap water. Tolui-
dine blue is an acidophilic, thiazine metachromatic dye, which stain
nucleic acids and most protein in blue, while proteoglycans in cartilage
matrix and mucins display a purple to red colour [33]. The stained
sections were mounted using DPX new (Merck).

2.1.3. RNA interference and infestation

RNA interference (RNAi) studies of LsLGP3 knock-down in the
L. salmonis strain LsLGulen were done, followed by an infestation trial on
Atlantic salmon at the wet lab facility of the University of Bergen,
Norway. Double stranded RNA (dsRNA) was produced using MEGA-
script RNAI Kit (Ambion) according to the supplier’s protocol, using the
primers listed in Table 1. Around 60-100 salmon louse nauplius I larvae
from the same egg string were soaked in 20 ng/pl LsLGP3 dsRNA in 150
pl sea water overnight, as previously described [34]. The control group
received elution buffer, without dsRNA. All animals within one treat-
ment group were pooled and kept in flow through incubators until at
least 2 days after moulting to copepodids. Atlantic salmon with an
average weight of 130 + 32 g were kept in 50 L single fish tanks with
racks of three fish tanks on the same water supply, at 12 °C, 34 ppt,
12:12 light cycle and acclimatised for 14 days, as previously described
[35]. The fish were daily hand fed with Nutra Olympic 4.0 mm (Skret-
ting) and were closely monitored, ensuring that they showed a good
appetite and little signs of stress. There were four treatment groups (n =
8): an untreated group, fish infested with control lice and fish infested
with knock down (KD) lice for 5 and 7 days. The lice infestation was
done after changing to individual water in — and outlet for each tank.
The water level was lowered to a minimum, keeping the fish covered
with water whilst maintaining normal water flow and adding 150
cops/fish. Tanks returned to normal levels within 5-10 min and
non-attached copepodids were flushed out of the system. Five hours post
infestation regular waterflow was reestablished. Scaled skin samples
were taken 5- and 7-days post infestation at the lice infestation site
(Inf+) and at non-infested areas (Inf-), and from comparable sites on the
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Table 1

Primers used to create LsLGP3 dsRNA for RNAi experiments and target LsLGP3 by qPCR.
Gene Forward (5'—3") Reverse (5'—3) Use
LsLGP3 CCAGTGGGCTCCAATCCTAGTGAA AGTTTGGGCTGTTGTTCCGGTT RNAi
LsLGP3 TCAAGAAGGATTTGAAAAGTTGACGAATG TGCCCGATTGTTCCATAATTCCGTT gPCR

uninfested fish (Uninf).

In addition, adult lice were injected with dsRNA in a separate
experiment, and the fish were infested by gently putting seven adult
female lice and four adult male lice on a piece of moisted paper and
gently applying the inverted paper behind the dorsal fin on anesthetised
fish. The fish had a weight of 216 + 50 g. There were three treatment
groups (n = 8): an uninfested group, fish infested with control lice and
fish infested with KD lice for 21 days. The experimental conditions and
sampling were the same as above, but in addition, head kidney (HK)
samples were taken.

2.1.4. RNA sequencing and transcriptome analyses

The HK and scaled skin samples were collected and submerged in
RNA-later (Life Technologies), kept overnight at 4 °C and then stored at
—20 °C. Total RNA was isolated by combining Tri reagent (Sigma
Aldrich) and RNeasy micro kit (Qiagen) as previously described [36],
with on-column DNase treatment. Extracted RNA was kept at —80 °C
until further use. The LsLGP3 KD efficiency was analysed as previously
described (Supplementary Fig. 1) [30]. Five fish from each group were
randomly selected for transcriptomic analysis by lllumina NovaSeq6000
Sequencing at the Genomics Core Facility, University of Bergen. Total
RNA quality was checked by Agilent Bioanalyzer (RIN >9) and quanti-
fied using Qubit. Libraries were prepared using Illumina Stranded
mRNA, Ligation kit. The library was quantified using Illumina MiSeq
Nano flowcell and quality checked on Agilent TapeStation. The samples
were loaded on NovaSeq S1-flow cells. Sequencing parameters for Illu-
mina NovaSeq6000: 2x100bp paired end reads. Raw reads were
deposited in the NCBI Short Reads Archive and are accessible with bio
project accession number: PRINA1089937.

The obtained reads were mapped, without further filtering, to the
Salmo salar transcriptome, derived from genome Ssal v3.1, using
Salmon (version 1.10.1) [37]. The procedure was performed on the
usegalaxy.eu web server [38]. The S. salar genome (Ssal_v3.1) was used
as to create a decoy database. For samples with attached salmon lice
(chalimi), the decoy database was supplemented with the L. salmonis
transcriptome and genome (LSalAtl2s), to filter out reads originating
from the attached lice. Transcriptomes and genomes were obtained from
Ensembl (release 110) and Ensembl Metazoa (release 56) [39,40]. The
mapping rates were between 72 and 79 %.

The next steps were performed in R [41]. The count files were pre-
pared for differential expression analysis using tximport, and analysed
with DESeq2 [42,43]. Individual analyses were run for the different
samples: head kidney, skin with adult lice, skin with chalimus 5 dpi and
skin with chalimus 7 dpi. For each comparison, pre-filtering based on the
numbers of mapped reads was performed. Genes with less than 10
mapped reads in at least five samples were discarded. Several models
were used to identify those genes which were differentially regulated
under the skin between fish infested with control lice and KD lice. In the
first model, the fold changes between KD and Ctrl were calculated for
the Inf+ and Inf-groups, respectively. These fold changes were shrunk
using the apeglm method [44]. The second model looked for interactions
between the sampling site (Inf+/Inf-) and the louse state (KD/Ctrl). The
third model accounted also for the individual fish, looking for
“Group-specific condition effects, individuals nested within groups”, as
described in the Bioconductor DeSeq2 manual [42]. The threshold for
the false discovery rate to determine significantly differentially
expressed genes was set to 0.05. For visualisation of normalised counts,
the DESeq2 “counts” function with activated normalisation which di-
vides the counts by the size factors or normalisation factors was

employed.

2.1.5. LsLGP3 identification by LC/MS-MS

Atlantic salmon were reared according to section 2.1.1, and adult
female lice were picked off the fish, and skin samples taken directly
underneath the adult lice, and away from attachment site. Samples
enriched for labial gland were taken by cutting the area around the
mouth tube containing the labial gland. The specimen was homogenised
directly in 4 x Laemmli sample buffer with f-mercaptoethanol (BioRad)
using a steel bead and a TissueLyser (Qiagen). RecLGP3 described in
section 2.2.4, was included as a control. The specimen was boiled
(95 °C) for 5 min, and the proteins were separated on a stain-free 4-20 %
SDS-PAGE gel (BioRad) and stained with Coomassie blue (BioRad).
Bands at approx. 10-15 kDa and 15-22 kDa were cut out. For protein
identification by LC/MS-MS, these samples were run on an Orbitrap
Exploris 480 (ThermoFisher) at the proteomics unit at the Proteomics
Core Facility, University of Bergen. The peptides were mapped to S. salar
(Uniprot) and L. salmonis (LsSalAtl2s) proteome and identified in Pro-
teome Discoverer 2.5 (PD2.5) from Thermo Fisher Scientific. The false
discovery rate was low in the samples for L.salmonis. In the samples
taken from Atlantic salmon skin underneath adult lice, for the detected
LsLGP3 peptide a BLAST search against the S. salar and L.salmonis pro-
teome was performed.

2.2. Invitro experiments

2.2.1. Fish maintenance for fish used in in vitro experiments

All fish were reared in 500 L flow through tanks unless otherwise
specified, with a salinity of 34.5 ppt NaCl at 9 + 0.5 °C, 12:12 light cycle
and were fed daily. They were all acclimatised to the tank conditions for
at least 14 days prior to sampling.

Atlantic salmon (Benchmark Genetics, Iceland) were reared at the
facilities of The Industrial and Aquatic Laboratory (ILAB), Bergen,
Norway and were fed with Nutra Olympic 4.0 mm (Skretting). Several
Atlantic salmon batches were used in the experiments, ranging from 500
to 1200 g. In each individual experiment the fish were from the same
tank and batch and had similar weights (+ 10 %).

Fertilised pink salmon eggs were collected in the Dale River in
Western Norway in the autumn of 2021. They were reared at the wet lab
facilities of the University of Bergen, Norway, and feed with Nutra
Olympic 2.0 mm (Skretting). At the sampling time, the fish were be-
tween 250 and 450 g, with no gonadal development (<1 g), n = 4.

Lumpfish (Cyclopterus lumpus) (Vest Aqua Base AS, Fitjar, Norway)
and Atlantic cod (Gadus morhua) (Nofima, Tromsg, Norway) were reared
at the facilities of ILAB, and fed with Amber Neptun 5.0 mm (Skretting).
At sampling time lumpfish were ~800 g, n = 4 and Atlantic cod were
~2000 g, n = 3. Atlantic cod were reared in 2500 L flow through tanks.

Coho salmon were received as embryos in the “eyed” stage from the
Quinsam River Hatchery, British Columbia, into the biosecurity facilities
at the Centre for Environment, Fisheries and Aquaculture Science
(Cefas), Weymouth, England under lifelong quarantine. The fish were
hatched and reared through 50L and 500L tanks in freshwater, then
smolted and transferred to seawater for further on-growing in 1000L
tanks. Rearing temperature and light regime varied through different
life stages and ranged from 8 to 15 °C and from 6:18hr (day: night)
through 12:12 to 18:6 respectively with 150-200 lux at water surface.
Fish were fed with a range of diets according to life stage comprising
Nutra plus 00 (Skretting), Inicio plus 0.8, 1.1 and 1.5 (Biomar), Alltech
Star Alevin 2.0 (Coppens), Orbit Intro 2.0 and 3.0 (Biomar) and Alltech
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supreme 3.0 (Coppens). At sampling, the fish were in seawater at 10 °C
with an average weight of 250 g, n = 4.

2.2.2. Leukocyte isolation

The fish were euthanized by a sharp blow to the head. Peripheral
blood was gently drawn from Vena caudalis using a syringe, and
immediately transferred to heparin containers. The blood was diluted
1:3, with supplemented L-15 media (2 % FBS, 0,5 % Ampicillin, 10 U
ml~! Heparin). Peripheral blood leukocytes (PBLs) were isolated as
describe by Pettersen et al. [45], by using a discontinuous Percoll
(Cytiva) gradient, where 4 mL of Percoll with a density of 1075 g ml~!
overlaid with a 3 mL Percoll with a density of 1060 g ml~L. The gradient
was centrifuged at 400 x rcf 4 °C for 40 min (Beckman GPR Centrifuge),
and the leukocyte fraction was collected at the density layer interface.
The leukocytes were washed twice in PBS 380 mOsm,/L with 10 U ml~!
Heparin and centrifuged at 200 x rcf, 4 °C for 10 min. Isolated leukocytes
were resuspended in 1 ml supplemented L-15 media and kept on ice. The
viability and cell count were analysed using CASY-TT (Inovatis). Only
leukocyte fractions with a cell viability above 95 % were used.

2.2.3. Cell sorting

Leukocytes were incubated in 6 well plates (1 x 107 cells per well)
overnight (16 °C) in supplemented L-15 media (10 % FBS, 0.5 %
Ampicillin, 10 U ml~! Heparin). The media was taken off and used to
gently wash the wells. The non-adherent cells from the media were kept
on ice. The plates were washed with PBS and treated with trypsin and
collected as the enriched population for monocytes.

The non-adherent leukocytes were washed in PBS +0.5 % BSA.
Thereafter, non-adherent leukocytes were incubated with 1:200 diluted
Anti-Salmonid Ig (H), FITC, (Clone IPASF12, Cat no. 177-CLFO04F,
Cedarlane) at a cell density of 5 x 10° in PBS +0.5 % BSA in the dark
(on ice, 30 min, gentle shaking). The cells were washed with PBS, 0.5 %
BSA, 25 mM EDTA 3 times (200 x rcf, 10 min, 4 °C). The leukocytes were
sorted in BD FACSymphony S6 flow cytometer (Flow Cytometry Core
Facility, University of Bergen). IgM " - FITC cells were sorted by fluo-
rescence into one fraction. The remaining lymphocytes were sorted by
gating, obtaining an enriched population of T-cells and non-specific
cytotoxic cells (NCC) low in granularity (low SSC) and size (low FSC),
and an enriched population of granulocytes high in granularity (high
SSQO).

2.2.4. Heterologous expression of LsLGP3

RecLGP3 was produced as described in @vergérd et al. [30]. Briefly,
E. coli MC1061 cells were transformed with expression vector pl,
encoding LsLGP3 without signal peptide. Expression was induced with
0.1 % L-arabinose (Sigma) and the cells were incubated over-night at
20 °C, shaking at 250 rpm. Soluble LsLGP3 was purified with a Ni-NTA
Fast Start kit (Qiagen) according to the supplier’s instruction, and the
buffer was exchanged with 1 x PBS using a Pierce Protein Concentrator,
3K MWCO (Thermo Scientific). The concentration was measured on a
Nanodrop Spectrophotometer (A280 nm). The protein was stored at 4 °C
over-night and used the following day, to avoid precipitation and to
ensure an active protein.

recLGP3 mutations were made by changing positively charged
amino acids to negatively charged amino acids in two regions which
seemed to have an outer loop in the structure as predicted by AlphaFold
[46]. Construct one (AALGP3) R79E; R83E; R84E, construct two
(BALGP3) R121E; K122E and construct three (ABALGP3) combined all
mutations R79E; R83E; R84E; R121E; K122E. Numeration of amino
acids are based on the mature protein after signal peptide cleavage.
Constructs of mutant LGP3 was produced by GenScript in the pET-15b
vector and transformed in E. coli BL21 cells. The cells were grown in
LB medium, and the expression was induced with IPTG at OD 0.8. The
remaining procedure was done as described for recLGP3.
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2.2.5. Cell staining

Cytospin preparations of the four enriched populations of leukocytes
were prepared from 100 pl cell suspension of 1 x 10° cells ml~* at 1000
rpm, 3 min (Shandon Cytospin III cytocentrifuge) and dried overnight.
Due to low number of adherent cells (enriched for monocytes), only 2 x
10° cells were added.

Myeloid peroxidase (MPO) production was measured by staining to
visualise cell population purity. The cytospin slides were fixed in 10 %
(v/v) formaldehyde and 90 % (v/v) ethanol for 30 s and washed in
running tap water and dried. The slides were incubated with dia-
minobenzidine staining solution prepared from SIGMAFAST DAB tablets
(Sigma) for 30 min, rinsed in running tap water and mounted.

For nuclear staining, the cytospin slides were fixed using methanol
and stained by dipping the slides eight times in Tetrabromfluorecein
Disodium salt followed by Methylthionine chloride solution from Col-
orRapid (Tektron). The cytospin slides were examined using a Zeiss
Axioscope Al.

2.2.6. In vitro recLGP3 exposure of peripheral blood leukocytes

Leukocytes were isolated as described in section 2.2.2. For all ex-
periments, leukocytes from each fish were transferred to flow cytometry
polystyrene tubes with a concentration of 5 x 10° cells per tube. Except
for propidium iodide assay, leukocytes were plated in 48 well cell cul-
ture plates with a density of 2 x 10® (ThermoFisher). Leukocytes were
exposed to 1 x PBS (control) or 25, 50, 100 or 200 pg recLGP3 in PBS, in
a total volume of 300 pl. For the remaining experiments all populations
were exposed to 112 pg recLGP3 in 300 pl. Except for in the experiment
comparing coho and Atlantic leukocytes, where 56 pg and 112 pg
recLGP3 with 2.5 x 10° cells per tube, in a total volume of 150 pl was
used. The cells were incubated at 16 °C for 6 h for viability assay
measured by CASY and 2 h staining with propidium iodide (2.2.7), and
for 1 h for scanning electron microscopy (SEM) (2.2.8).

2.2.7. Cell viability measurement

After recLGP3 exposure, the viability of leukocytes was measured by
resuspending the cells and using a CASY-TT (Inovatis) cell counter,
where the percentage of viable cells was measured. For coho salmon
leukocytes, the viability was determined by staining the cells with try-
pan blue (Sigma-Aldrich) and counting the non-stained viable leuko-
cytes using a hemacytometer prior to recLGP3 exposure and after 6 h
LGP3 exposure. The viability for Atlantic salmon leukocytes was also
determined by propidium iodide staining (Sigma) and detected by an
inverted fluorescent microscope (Leica DM IL LED). Extracellular DNA
was stained by SYTOX Green (Invitrogen) and detected by an inverted
confocal microscope (Olympus FV3000) and monitored every 15 min for
2h.

When analysing unsorted PBLs, three biological replicates were used
and for enriched leukocyte cell populations, five biological replicates
were used, and all experiments were repeated twice. For the LsLGP3
mutational analysis, three biological replicates were used, and the
experiment was repeated twice. For the species comparison, the exper-
iments were done on separate days due to fish availability. At least one
Atlantic salmon control was included in each experiment, the following
number of biological replicates were used: Atlantic salmon:7, pink
salmon: 4, lumpfish 4, Atlantic cod: 3, coho salmon: 4.

2.2.8. Scanning electron microscopy

Enriched cell populations of Atlantic and coho salmon leukocytes
and Atlantic salmon skin explant were exposed to recLGP3 for 1 and 6 h,
respectively, and fixed by overnight immersion in a mixture of 0.9 %
formaldehyde, 2.3 % glutaraldehyde, 4 % (w/v) sucrose in PBS (380
mOsm/L) and with the pH adjusted to 7.35. The cells were washed in
PBS prior to post-fixation with 1 % OsO4 for 1 h. The specimen was
washed with water and then dehydrated with ethanol (60, 90, 2 x 100
%) and dried on a glass coverslip at 37 °C overnight. The coverslip was
mounted on stubs with carbon conductive tape and coated with gold-
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palladium using Emitech K550X sputterer (Emitech, Ashford). The
specimen was further studied using FEI Quanta 450 SEM at the ELMILAB
at the University of Bergen.

2.2.9. Intracellular calcium measurements

PBLs were exposed to recLGP3 for 1, 2, 5, 10, 15, 30, 45, 60 and 75
min and stained with Calbryte 520 a.m. (AAT Bioquest). The cells were
resuspended, and the fluorescence was detected using BD FACSCalibur,
excitated at 488 nm, detected with a 530/30 band pass filter. Hypo-
chlorous acid (200 pM) and PBS were used as a positive and negative
control, respectively.

2.2.10. Statistics

Statistical analyses for in vitro experiments were performed in
GraphPad Prism 10.1.1 (GraphStat). Unpaired, parametric t-test with
Welch’s correction was used to calculate statistical significance.
Threshold p-value was set to 0.05.

2.3. Ethics statement

All experimental procedures were performed in strict accordance
with Norwegian animal welfare legislation and guidelines at an
approved animal facility. The lice infestation studies were carried out
with approval from the Ethics committee of Norwegian Food Safety
Authority (permit ID: 26020) following ARRIVE guidelines. In the
remaining in vitro experiments, fish were reared under optimal rearing
conditions and were killed by a sharp blow to the head, which is an
appropriate procedure under Norwegian law (FOR-2015-06-18-761
§16). Tissues and cells were harvested from dead fish and does not
require ethical approval under Norwegian law (FOR-2015-06-18-761
§6).

3. Results

3.1. L. salmonis produce the deduced LsLGP3 and secrete it onto the host
skin

Labial gland expression of LsLGP3 protein has not been confirmed
previously, nor if the labial gland proteins are in fact deposited onto the
host skin. To determine whether LsLGP3 is translated into protein and
secreted onto the host, salmon louse samples enriched for labial gland in
addition to skin tissue at the adult louse infestation site were dissected.
The presence of LsLGP3 protein in samples enriched for labial gland was
detected by LC-MS/MS in two different SDS-PAGE bands at ~10-19 and
~ 20-30 kDa, where 12-13 unique LsLGP3 peptides were detected
(Supplementary file 1). Most LsLGP3 peptides in the sequence were
detected with relatively high sequence coverage (62 %) of the deduced
mature protein. Additionally, peptides from the Lepeophtheirus salmonis
labial gland serine protease 1 (LsLGSP1) and labial gland protein 2
(LsLGP2) were detected. However, in SDS-PAGE bands analysed by LC-
MS/MS from salmon skin samples taken underneath adult lice, only
twenty salmon louse proteins were identified by LC-MS/MS in total
(Supplementary file 1). Among them were LsLGP3, with only one unique
peptide. Notably this peptide had 100 % sequence coverage and is not
found in other salmon louse or salmon proteins, nor in the sample taken
at non-attachment site.

3.2. Salmon louse infestations induce both an epidermal and dermal
immune cell influx

As the histopathological examination around the salmon louse
mouth tube on Atlantic salmon scaled skin infested with juvenile life
stages of salmon louse are scarce, our initial objective was to investigate
the location and influx of immune cells towards copepodid, chalimus I
and II, and adult lice stages prior to conducting functional KD studies. A
gradual increase in lesions was seen from the copepodid stage onwards,
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where predominantly erosions were observed in the analysed larval
stages (3, 5, 7 and 12 dpi) while a more intact epidermal surface was
observed at the adult lice attachment sites at 51 dpi (Fig. 1). Skin
samples taken at 3 dpi showed no influx of immune cells (Fig. 1A and B),
whereas cells mainly with a polymorphonuclear-like morphology star-
ted to appear in both the epidermis and dermis at the lice feeding site
from 5 dpi and onwards (Fig. 1C and D). At 5 dpi, if immune cells were
present, they were mainly seen in the dermis covering the scale to which
the louse was attached, and not in deeper layers of the stratum spon-
giosum. The immune cells were not found to be restricted to directly
underneath the louse, extending a bit laterally and anteriorly to the lice,
with fewer immune cells seen adjacent to the erosion. Cell debris were
also seen here. At later time points, a more pronounced, albeit still a
minor, immune cell influx was observed underneath the lice at both 7
and 12 dpi, both in the epidermis and dermis surrounding the lice
feeding site (Fig. 1E, F, H, I). However, fewer immune cells were seen in
the dermis directly underneath the mouth tube at these time points. At 7
dpi, the dermal immune cell influx was still mainly restricted to the
dermis covering the scale at louse attachment site, while immune cells
could be seen in deeper layers of the stratum spongiosum underneath
chalimus II lice (12 dpi). At the adult stage, 51 dpi, ulcerations,
epidermal oedema, keratocyte degeneration and possible hyperplasia,
along with a much more evident infiltrations of immune cells in the
stratum spongiosum were observed (Fig. 1G-J, K). Interestingly,
epidermal changes were more evident close to the dermis, while the
superficial epidermal cells maintained intact cell junction and showed
no degeneration. In the area which is proposed to be beneath the adult
louse mouth tube, a localised epidermal and dermal grazing is observed
(Supplementary Fig. 1).

3.3. LsLGP3 is implicated in a decrease in immune related genes at the
louse infestation site

Attempts have previously been made to analyse the function of
LsLGP3 by the induction of LsLGP3 KD in adult lice that were allowed to
infest Atlantic salmon with a subsequent measurement of the localized
skin immune response [30]. Despite a 4-day exposure to KD and control
lice, no significant difference was observed in the transcript levels of
selected immune genes between the groups. As the duration and the
number of immune genes analysed in the previous study might have
been suboptimal to elucidate any alteration in cellular response, further
KD experiments were conducted in the present study. As LsLGP3
expression is initiated in the copepodid stage approximately 3 days after
the louse has settled on a host and further increase throughout devel-
opment accommodating a gradual increase in the number of immune
cells [29,30] (Fig. 1), LsLGP3 KD was induced in nauplii in addition to
adult lice, and fish were subsequently infested with copepodids or adult
lice. Scaled skin samples were taken from fish infested with copepodids
and sampled when lice were at the chalimus I stage 5 and 7 dpi, and from
fish infested with adults and left for 21 dpi, and the transcriptomic re-
sponses of infested salmon were analysed.

As expected, based on previous publications [19,22], most genes
found to be differently expressed were significantly altered at the lice
infestation site as compared to both samples taken from untreated fish
and non-infested area on infested fish. Only a few genes were found
using the stringent method, examining significantly regulated genes
between the KD and control group (Supplementary file 2), with 13
identified at 5 dpi (Fig. 2), none at 7 dpi and three underneath adult lice
at 21 dpi (p-adjusted <0.05). The transcript levels of genes which were
significantly differentially regulated were found to typically encode
proteins mainly expressed by immune cells, such as hemopoietic cell
kinase, acidic mammalian chitinase, and lysozyme, and were genes that
generally displayed a relatively high expression level (Fig. 2). More
differently expressed genes between skin infested with KD and control
lice were found (p-adjusted <0.05) (Supplementary file 2, Supplemen-
tary Fig. 2). There were some transcript with biologically relevant
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Fig. 1. Histopathology in Atlantic salmon scaled skin at the salmon louse attachment site from plastic embedded sections stained with toluidine blue. (A,
B) Skin from copepodid (Cop) attachment site (3 dpi) displaying erosion and a lack of immune cell infiltration. (C, D) Chalimus I (Ch1) attachment site (5 dpi). C)
Epidermal erosion is seen underneath the lice mouth tube (Mt), with influx of immune cells (examples of immune cells are indicated with arrowheads) in both
epidermis and dermis. Close to the lice inflicted lesion, however, fewer immune cells were seen and insert shows higher magnification of these sites (scale bar 10 pm).
Here, an area with cell debris was also observed indicated with arrows. (D) From the same specimen showing higher magnification next to the lice, with immune cell
infiltration in both epidermis and dermis, where many polymorphonuclear-like cells were seen. (E) Chalimus I (Ch1) attachment site (7 dpi) with skin erosion close to
where the lice mouth tube is situated. Inmune cells are seen in both dermis and epidermis, with higher number of cells seen anterior to the lice attachment site. Insert
shows higher magnification of immune cells (scale bar 10 pm). (F) Chalimus II (Ch2) attachment site (12 dpi) displaying immune cell infiltration extending deeper
into the stratum spongiosum. The immune cells are, however, more numerous posterior to the lice, whereas directly underneath the mouth tube only a few immune
cells are seen. (H-I) Shows higher magnification of marked area in F, where immune cell influx can be seen in the deeper dermal layers. (G) Adult louse attachment
site (51 dpi) displaying keratocyte degeneration of the epidermis close to the basement membrane, while more apical keratocytes show a normal morphology with
intact cell junctions. A few melanomacrophages (arrows) and polymorphonuclear-like cells could also be seen in the epidermis, while a more prominent influx of
immune cells is seen in the dermis. (J) Higher magnification of epidermis with polymorphonuclear-like cells infiltration, and keratocyte degeneration (indicated by
arrows) are seen. (K) Higher magnification of dermis, where many immune cells mainly polymorphonuclear-like cells are seen. (L) Skin of fish infested with chalimus
I lice, 7 dpi, at unaffected areas. There are no visible granulocyte or macrophage infiltration in either epidermis or dermis. All abbreviations: Ep - epidermis, De -
dermis, Sc - scale, Bm — basement membrane, Er — erosion, Cop — copepodid, Ch1 — Chalimus I, ChII — Chalimus II, Mx — maxilliped, Mt — mouth tube, LG - labial

gland, Bl — blood vessel, Me — melanocytes, * - mucus cells, arrowhead — immune cells.

expression patterns, including transcript encoding tumour necrosis factor
a receptor, sialoadhesin and mucin-2-like. Three paralogues of the gene
nucleotide-binding oligomerization domain (NOD)-like receptor (NLR)
family were significantly upregulated in fish infested with KD lice,
especially away from the lice infestation site (Fig. 2, Supplementary
Fig. 2). The LsLGP3 transcript level in LsLGP3 KD lice was reduced by 98
%, with a decrease of 6 Ct-values from 21 to 27 (Supplementary Fig. 3).
No difference in lice count on the fish in KD compared to the control lice
was observed in between any of the sample groups or time points
(Supplementary Fig. 3).

3.4. LsLGP3 decreases the viability of Atlantic salmon leukocytes

As immune related transcript levels increased under LsLGP3-KD lice
and B- and T-cell marker transcripts and total RNA-yield was found to
decrease in primary head kidney leucocytes after recLGP3 exposure
[30], we hypothesised that LsLGP3 either is inhibiting immune cell
attraction or is inducing cell death. Therefore, the viability was
measured in PBLs from Atlantic salmon treated with recLGP3 in vitro. A
decreased viability of leukocytes in a concentration dependent manner
was seen, where the solution was cloudy and the viability was decreased
by around 30 and 40 percent, respectively, for the two highest con-
centrations after a 6-h exposure to recLGP3 (Fig. 3A). Moreover, most
nucleic acids in leukocytes were stained with the cell death marker
propidium iodide, and the cell morphology were found to be signifi-
cantly disrupted in ColorRapid stained cells after a 2-h LsLGP3 exposure
(100 pg) (Fig. 3B), further indicating that LsLGP3 is inducing cell death
in Atlantic salmon immune cells. Longer incubation times did not induce
further decrease in live cells (results not shown).

Enriched populations of monocytes, granulocytes, IgM™ B-cells and
NCC/T-cells were further exposed to recLGP3 to investigate whether cell
death was induced in specific cell types. Monocytes were obtained by
collecting adherent cells, B-cells by using anti-IgM antibody and FACS,
while T-cells and granulocytes were separated based on size and gran-
ularity in FACS (Fig. 4A). The cellular properties were determined by
stained cytospin preparations (MPO, ColorRapid), which showed high
purity and homogenous cell populations in the granulocyte and IgM™* B-
cells fraction (Fig. 4B, C, F, G), while the monocyte fraction and NCC/T-
cell fraction was more mixed (Fig. 4D, E, H, I).

Each enriched cell population was then exposed to recLGP3 for 6 h,
and the viability was measured using CASY. All cell populations dis-
played a significant decrease in viability compared to the non-exposed
control cells, while no significant difference was detected between the
different cell populations (Fig. 5A). To further investigate the mecha-
nism inducing cell death, the morphology of the cells was observed after
1 h of recLGP3 exposure using SEM (Fig. 5B-D, E, G, H, J, K, M, N). Most
cells in all four populations formed membrane protrusions with a “beads
on a string” like morphology (Fig. 5B, Supplementary Fig. 4), with

similar looking debris observed in all populations (Supplementary
Fig. 4E). Especially in the IgM" B-cell and monocyte enriched popula-
tion, cell aggregations with large amounts of debris were observed
(Fig. 5E-K). The protrusions seemed to extend from one focus and be
covered by cell membrane. Nevertheless, we further wanted to confirm
that these protrusions were not chromatin neutrophil extracellular traps
(NETs) formation, by analysing the uptake of SYTOX-Green by extra-
cellular DNA and the level of intracellular calcium (Supplementary
Fig. 5). No evidence of extracellular chromatin content in the string-like
structures were found.

3.5. LsLGP3 function is more effective on salmonid leukocytes

As LsLGP3 is secreted at the salmon louse feeding site, LsLGP3 may
also interact with red blood cells (RBCs) and skin. Therefore, the
viability and/or cell morphology of epidermal cells in skin and RBCs
exposed to recLGP3 were examined. Morphological changes were seen
neither in RBCs or epidermal cells having intact micro ridges and tight
junctions (Fig. 6A), and accordingly, viability of RBCs remained un-
changed after recLGP3 exposure (Fig. 6B). Furthermore, the viability of
leukocytes from four additional fish species were analysed after recLGP3
exposure, including the salmon louse resistant pink and coho salmon
and the two non-hosts Atlantic cod and lumpfish. However, recLGP3
treated leukocytes from Atlantic cod and lumpfish displayed only a
minor decrease in viability, yet significantly different form the non-
exposed control and exposed leukocytes from Atlantic salmon
(Fig. 6C). Viability of pink and coho salmon leukocytes after recLGP3
exposure also decreased to a similar degree to that of Atlantic salmon
leucocytes (Fig. 6C and D). The cell morphology of coho leukocytes
exposed to recLGP3 showed small holes, swelling and some membrane
protrusions (Supplementary Fig. 6).

3.6. Positively charged amino acids are important for LsLGP3 function

The specificity of the recLGP3 towards certain cell types and fish
species suggest that LsLGP3 binds specifically to a distinct ligand. To
depict which amino acids that are important for this binding, two
distinct regions with positively charged amino acids in the protein
sequence were targeted, predicted to be in an outer loop of the protein
structure. At these two sites three (A) and two (B) amino acids were
substituted from positively charged to negatively charged amino acids
(Fig. 7A), resulting in the formation of the recombinant proteins
AALSLGP3, BALSLGP3 and ABALsLGP3. The effect of these amino acid
substitutions on the proteins ability to decrease the viability of Atlantic
salmon leukocytes were investigated. Amino acids substitution at only
one site (AALGP3, BALGP3) caused a significant decrease in cell
viability compared to the negative control like the wild-type protein
(Fig. 7B). However, substituting all five amino acids in ABALSLGP3
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Fig. 2. RNA-sequencing of Atlantic salmon skin during infestation with LsLGP3 knock-down salmon louse. mRNA transcript levels of selected significantly
differentially regulated genes analysed by RNA-sequencing of scaled Atlantic salmon skin samples taken at and away from the LsLGP3 knock down (KD) and control
(Ctr]) salmon louse infestation site. Normalised counts for each sample are plotted above a boxplot of median + interquartile range (n = 5) in uninfested fish (Uninf,
green dots), and infested fish at the lice attachment site (Inf+, red dots) and non-attachment site (Inf-, blue dots) for Ctrl and LsLGP3 KD salmon lice. The calculated p-
adjusted values are indicated in the upper left corner. The p-adjusted value indicates the significance after testing the group-specific effect of the lice treatment, while
controlling for individual effects, calculated by DeSeq2’s Wald tests, adjusting for multiple tests using DeSeq2’s Benjamini-Hochberg correction. The genes are sorted

by p-adjusted value.

abolished the protein’s ability to induce cell death.
4. Discussion

LsLGP3 has previously been suggested to have an immune modula-
tory function suppressing cellular immune responses [30]. Dampening
of cellular responses is likely to be of high importance for the salmon
louse, as to establish and survive on its host and reproduce. The present
study advances the understanding of LsLGP3’s function through novel in
vivo and in vitro investigations to elucidate this mechanism, where
LsLGP3 can be suggested to directly induce cell death in immune cells. It
was also ascertained that LsLGP3 protein was in fact expressed by the
labial gland and may be secreted on to the host skin. The implication

here is that LsLGP3 may interact with host proteins on the surface of
cutaneous immune cells and have an important role in the host-parasite
interaction by eliminating these cells.

Building on these findings, conducting in vivo LsLGP3-KD with sub-
sequent infestation studies to analyse the local immune response at the
lice feeding site, represents a way to analyse the function of LsLGP3
without knowing the physiological concentration of the protein or size.
Though, a knock down is not a knockout, and LsLGP3 will still be
secreted by LsLGP3-KD lice, though likely with a significantly reduced
concentration as the mRNA level in KD lice was reduced by 98 %, cor-
responding to a decrease of 6 on the Ct-value scale. However, LsLGP3 is a
highly expressed gene and will probably still be present in the saliva
secretions of LsLGP3-KD lice. Nevertheless, the transcriptomic analysis
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Fig. 3. Viability analysis of PBLs exposed to recLGP3. (A) Cell viability measurements of 5 *10° Atlantic salmon leukocytes after either 83, 166, 333 or 666 pg/ml
recLGP3 exposure for 6 h. N = 3. Significant differences (p < 0.05) from the control are indicated by asterisks (*). (B) Intracellular DNA staining (propidium iodide)
and ColorRapid staining of Atlantic salmon leukocytes after 112 pug recLGP3 exposure for 2 h.
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identified immune related genes which were increased underneath
LsLGP3-KD lice, such as the most significantly regulated genes encoding
for hemopoietic cell kinase (hck), lysozyme (lysc2), and acidic
mammalian chitinase. Hck transcripts are suggested to be expressed in
myeloid and lymphocyte lineages, to enhance pro-inflammatory cyto-
kine secretions from myeloid cells, promotes macrophage polarisation
towards wound healing and enhances immune and epithelial cell inva-
sion [47]. Transcripts for lysc2 are present in several tissue types such as

head kidney, spleen, liver, gills and to some extent in skin, and especially
expressed by Atlantic salmon granulocytes and macrophages [48,49].
Lysozymes function as anti-bacterial enzymes by hydrolysis of pepti-
doglycan in the cell wall, especially at mucosal sites [50], and have also
been suggested to have an immunomodulatory role by enhancing bac-
terial product release, activating pattern recognition receptors in the
host [51]. Also acidic mammalian chitinase is expressed in innate immune
cells but also epithelial cells, which may be induced by IL4/13A [52].
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Fig. 5. Analysis of enriched populations of peripheral blood leukocytes exposed to recLGP3. (A) Viability measurement of enriched populations of 5 *10°
Atlantic salmon B-cells, granulocytes, monocytes and NCC/T-cells exposed to 112 pg (373 pg/ml) recLGP3 for 6 h measured by CASY TT, n = 5. Significant dif-
ferences (p < 0.05, t-test) between control and LsLGP3 exposed cells are marked with asterisks (*). Fixed cells captured with Scanning Electron Microscopy (SEM) of
(B) leukocytes exposed to 112 pg(373 pg/ml) recLGP3, and enriched populations of (C-E) IgM + cells, (F-H) Granulocytes, (I-K) Monocytes and (L-N) NCC/T-cells,
with (C, F, I, L) negative control and (D, E, G, H, J, K, M, N) recLGP3 exposed cells, with high and low magnifications, n = 5.

The exact mechanism of acidic mammalian chitinase still remains
elusive, but is suggested to indirectly increase CCL2, CCL17 and CXCL
secretion [53], causing an inflammatory cell infiltration by increasing
macrophage and T-cells recruitment, thereby regulating a Thy mediated
response [54]. Interestingly, acidic mammalian chitinase was signifi-
cantly up-regulated in head kidney in louse infested pink salmon [25],
and in skin in juvenile pink salmon after immunity maturation and louse
resistance has been gained [55], indicating that acidic mammalian chi-
tinase may be an important immune regulator in salmon louse clearance.
Also interesting is the significant increase in the systemic expression of

10

three transcripts encoding for the NLR-family in fish infested with
LsLGP3 KD lice. A systemic skin and head kidney response to louse has
also been seen in previous studies, with an increase in il4/13a transcripts
[19,22]. However, there was a notable decrease in expression under-
neath the LsLGP3 KD lice compared to non-attachment site in the same
fish. Despite this, expression levels were still significantly different
compared to fish infested with control lice. The NLR-family proteins are
pattern-recognition receptor involved in regulation of innate immune
responses, and are found in immune and epithelial cells [56]. Although
this observation is based on three paralogues genes, it suggests that
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Fig. 6. Tissue, cell type and species comparison after recLGP3 exposure. (A) Scanning electron microscopy of Atlantic salmon blood cells and fins exposed to
112 pg recLGP3 for 1 or 6 h, respectively. (B) Viability of 5 *10° red blood cells from Atlantic salmon exposed to 112 pg (373 pg/ml) recLGP3 for 6 h, n = 3. (C)
Viability of 1 *10° leukocytes from Atlantic salmon, pink salmon, Atlantic cod and lumpfish exposed to 112 pg (373 pg/ml) recLGP3 for 6 h n = 3-5. (D) Viability 2.5
*10° of leukocytes from Atlantic salmon and coho salmon exposed to 56 pg (373 pg/ml) and 112 ug(746 pg/ml) recLGP3 showed in grey and white dots, respectively,

n = 3. *P < 0.05 ****P < 0.0001.
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Fig. 7. LsLGP3 structural analysis. (A) Predicted AlphaFold protein structure
without signal peptide and indicated substituted amino acids in magenta A:
R79E; R83E; R84E, B: R121E; K122E. (B) Atlantic salmon leukocyte viability
after 6 h exposure with 112 pg(373 pg/ml) of recLGP3 or the amino acid
substituted recLGP3; AALGP3, BALGP3 and ABALGP3 measured using CASY
TT, *P < 0.05 n = 4.

LsLGP3 may be involved in dampening a systemic response. An upre-
gulation of transcripts predicted to encode tnfa-receptor superfamily 14
(tnfrsf14) was found in fish infested with LsLGP3 KD lice. TNFRSF14 is
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proposed to be mainly expressed by immune cells. However, functional
studies of tnfrsf14 in teleost fish have not been conducted, so whether it
functions as a death-receptor remains unknown.

Nevertheless, the effect LsLGP3-KD lice had on the fish was not found
to be prominent but indicates that LsLGP3 has a superficial and localised
effect at the site of secretion, namely in lesions close to the mouth tube.
The increase in immune cell markers at the infestation site of LsLGP3-KD
compared to control louse were found to be mainly markers expressed
solely by innate immune cells, but this was only detected at the time
point where immune cells started to appear at the infestation site, at 5
dpi. Later, the immune cell influx was more prominent both anterior and
laterally to the lice inflicted wounds, and if the effect of LsLGP3 is
limited to the lesions inflicted by localised epidermal feeding, higher
abundance of dermal immune cells could have diluted the localised ef-
fect of LsLGP3-KD to undetectable levels. Supporting this is the notion
that fewer immune cells were seen in the dermis close to the mouth tube
of chalimus lice at all sampled time points. And even though the histo-
logical analysis were not executed on the same individuals as those from
which the transcriptional data were obtained from, this still indicates
the status of the control fish in the transcriptomic study since findings in
the present study are supported by previous histological findings in
Atlantic salmon and other susceptible salmonid species as rainbow trout
and chinook salmon [3,4,19,27]. Evidently, an influx of mainly
polymorphonuclear-like cells were not only seen in the dermis, but also
in the epidermis, further pinpointing the importance of LsLGP3 in the
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host parasite interaction as these immune cells will be closer to the lice
and thus have a greater potential for affecting the lice. Interestingly,
when LsLGP3 transcripts peak at the adult stage, immune cells localised
to the epidermis were almost absent. This may indicate that LsLGP3
could induce cell death in epidermal localised immune cells close to the
attachment site, thereby lowering immune cell numbers in the
epidermis. Furthermore, the downregulation of mRNA transcript levels
of B and T-cell markers such as igm, igt, igd, tcra, cd8a, cd4 and cytokines
and immune cell markers such as il1p, il4/13a, gata3 and mhc2 at the
adult infestation site further supports this hypothesis [22]. Particularly
naive T-cells are to be found in the skin, and the transcriptomic data
suggest that T-cell maturation does not occur [22,57,58]. However, the
epidermal changes were much more evident close to the dermis where a
more prominent immune cell numbers were seen, indicating that the
changes are inflicted by the immune response and maybe not the lice.
Though, it should be mentioned that the epidermis was more intact
underneath adult lice as compared to copepodid and chalimus lice,
likely as the lice now mainly feeds of the host blood and therefore only
induces minor damage to the epidermis around the mouth tube on their
way down to the dermal blood supply (Supplementary Fig. 1) [4,19,20].
This study has shown the histological effects of the salmon louse itself on
Atlantic salmon under controlled laboratory conditions, and the exten-
sive lesions seen underneath adult lice in the field are most likely due to
secondary infections in the wound and/or very high parasitic loads [4,5,
59,60]. Therefore, these processes are likely to be complex, influenced
both by louse and host responses, but also environmental factors. What
can be noted is, however, that immune cells become more evident at the
attachment site as the infestation progresses, correlating with the
increased expression of LsLGP3 during salmon louse development.

Even though the in vivo studies indicated that LsLGP3 decreases the
number of immune cells at the site of infestation, further in vitro studies
were necessary as to confirm this, and to analyse the specific cell death
mechanism. As quantifying the amount of LsLGP3 secreted onto the fish
remains a challenge, the concentration that each immune cell is sub-
jected to in vivo is difficult to replicate in in vitro experiments. This
because the concentration of LsLGP3 secretions is unknown, and so is
the feeding-frequency of salmon louse or whether the labial gland se-
cretions are deposited onto the skin also in between feeding. We have
observed that the louse probably ingests intermittently, and the
anatomical positioning of the labial gland ducts adjacent to the
mandible teeth and strigils used for feeding [32], imply that secretion of
labial gland proteins correlates with feeding. Moreover, mobile louse
seem to aggregate together at certain regions of the skin [61,62],
thereby a more continuous effect and a higher concentration of LsLGP3
is expected at the infestation site of multiple lice. Despite, the inability to
ascertain a physiological concentration, the recLGP3 concentration that
resulted in a 40-50 % decrease in leukocyte viability in in vitro experi-
ments was used in the present study.

Several complementary methods were used to determine cell
viability and concluded with similar results. First, cell viability was
quantified using a CASY cell counter, which quantifies the percentage of
viable cells and cellular debris (Casy Counter). The viability is quantified
by electrical current exclusion by loss in resistance from the cytoplasmic
membrane in dead cells, instead the nucleus in non-viable leukocytes
with a diameter less than 6 pM is measured. After 6 h of recLGP3
exposure, a viability of 40-50 % was measured. Moreover, SEM analysis
insinuated a more prominent decline in cellular integrity within 1-2 h
after recLGP3 exposure. Concurrently, an increased prevalence of PI
positively stained cells after recLGP3 exposure implies that true death
rates after recLGP3 exposure may by higher than that indicated by the
CASY analyses. CASY analyses were still used due to the objective
quantification of cells. Altogether, this clearly indicates a reduction in
peripheral blood leukocyte viability by recLGP3. Leukocytes were then
sorted to obtain enriched cell populations, as to analyse whether
recLGP3 exposure induces cell death in all immune cell types. The purity
of the populations was, however, variable. The IgM *-cells were all MPO
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negative and showed lymphocyte morphology and size, which indicates
high purity of B-cells. The granulocyte population were positive for MPO
and mostly contained polymorphonuclear cells. The monocyte popula-
tion had some MPO positive cells and many cells with monocyte
morphology, but also cells with a more polymorph nucleus. The absence
of commercially available antibodies specific to T-cell markers resulted
in a T-cell fraction of reduced purity, though most cells displayed
lymphocyte morphology. Cytospin preparation revealed a diversity in
cell morphology, predominantly lymphocyte like and some NCC and
monocytes. Despite the cell variation, no statistically significant differ-
ence was noted across the different cellular populations, and overall,
recLGP3 seemed to affect all types of immune cells. However, given the
limitations, definitive conclusions regarding effect of recLGP3 exposure
on T-cells, remains elusive. Notably, no detectable decrease in viability
was observed in salmonid epidermal cells or red blood cells after
recLGP3 exposure. This resilience may be advantageous for the parasitic
louse, which relies on the blood and skin for nutrition, necessitating the
preservation of intact red blood cells and precluding any excessive
damage to host epidermal cells. More importantly, these findings imply
that the mechanism of recLGP3 is specific to leukocytes.

The morphology of the recLGP3-exposed leucocytes suggested that
LsLGP3 might trigger an apoptosis pathway, resulting in the formation
of apoptotic bodies seen as long cell-membrane covered blebbed pro-
trusions. This is supported by the downregulation of ifng and the lack of
il1p induction previously seen in recLGP3 exposed leukocytes, indi-
cating there is no additional attraction of immune cells through caspase-
8 dependent IL-1f release [30,63]. Apoptosis is programmed cell-death
which often is immunogenically silent or anti-inflammatory, where little
intracellular components are released into the tissue, and macrophages
are recruited and engulf apoptotic cells by efferocytosis [64]. In
contrast, necrosis is often a pro-inflammatory process due to the release
of intracellular damage-associated molecular patterns. Apoptosis is
more controlled and morphological changes occurs in three steps:
plasma membrane blebbing, formation of apoptotic membrane pro-
trusions and generation of membrane-bound extracellular vesicles,
apoptotic bodies [65-68]. Membrane protrusions can have variable
morphology depending on the cell type, such as strings or “beads-o-
n-a-string” structures [65,67]. The membrane protrusions were often
observed to be connected between the cells, and some had varied
morphology, and the “beads-on-a-string”-like structures were also seen
released from the cells (Supplementary Fig. 4). Similar membrane pro-
trusions followed by apoptotic bodies formation with beaded string-like
structures have also been observed in UV-treated human leucocytes [65,
67,69,70]. We therefore tried to induce this in Atlantic salmon leuco-
cytes by UV-light treatment for 2 h, however, only cell swelling was seen
after UV-treatment (Supplementary Fig. 4), and no apoptotic “beads-o-
n-a-string” as seen in human monocytes. We therefore wanted to analyse
if these recLGP3-induced membrane protrusions may be a result of
chromatin neutrophil extracellular traps (NETs) formation and subse-
quent NETosis. NETs are chromatin structures released from neutrophils
with bactericidal activity by histones, neutrophil elastase and MPO
[71-73]. NET release may be followed by the cell death mechanism
NETosis [74]. However, this hypothesis was rejected upon the absence
of SYTOX-Green positive extracellular DNA fragments, coupled with no
increase in intracellular calcium levels (Supplementary Fig. 5), as has
been seen upon NETosis in both Atlantic salmon and mammals [75,76].
Notably, the recLGP3-induced membrane protrusions were observed in
all enriched cell populations, with a pronounced preponderance in IgM™*
cells, further suggesting that they are not due to neutrophil trap for-
mation. Moreover, trap formation is a rather unspecific process [77],
and further LsLGP3 mutational analysis suggested that LsLGP3 specif-
ically bind to e.g. a cell surface receptor to induce apoptosis. The syn-
thesis of an inactive recLGP3, designated ABALGP3, implicates the
crucial role of charged residues, specifically arginine and lysine amino
acids, in the binding efficacy of the protein to its ligand. The mutant
could, however, have an incorrect folding that would further inhibit its
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ligand binding capability. Though, given that the protein had high sol-
ubility even at high concentrations (10 mg/mL), it is unlikely that the
amino acid substitutions have drastically altered the conformation.
Therefore, ABALGP3 functions as a negative control in the experiment,
confirming that the observed decrease in leukocyte viability following
recLGP3 exposure is due to a targeted biological reaction rather than
non-specific effects as NET formation towards e.g. residual contami-
nants from the protein purification. Additionally, leukocytes from
Atlantic cod and lumpfish displayed only a modest decrease in viability
following recLGP3 exposure, as compared to Atlantic salmon leukocytes,
which further supports a specific mode of action. The analogous lack of
response manifested by both lumpfish and Atlantic cod leukocytes
further suggests that recLGP3 has an affinity for or is adapted to bind
specifically to membrane receptors on salmonid leukocytes.

As the pink salmon is highly resistant to salmon louse, it was
somehow surprising that recLGP3 mediated a decreased viability of pink
salmon leukocytes at similar levels as that seen in Atlantic salmon leu-
kocytes exposed to recLGP3. Though, the differential susceptibility
observed in pink salmon seems to stem from their ability to eliminate
lice during the copepodid stage [24], whereas LsLGP3 mRNA transcript
are not present until 2-3 days post infestation and increases during lice
development when on Atlantic salmon [29,30]. Interestingly, LsLGP3 is
one of only two labial gland genes that are expressed as a response to
host settlement and was also found to be induced in lice infesting pink
salmon [29]. Thus, immune cell responses do not seem to be part of the
pink salmon resistance mechanism. Interestingly, LsLGP3 mRNA tran-
scripts are detected in lice sampled together with coho salmon fin tissue
2 to 14 dpi, yet, the mRNA transcript level of LsLGP3 in the louse does
not increase throughout the infestation as seen in lice on Atlantic and
Pink salmon, when normalised against the elongation factor 1a reference
gene, and compared to other labial gland genes who seems to increase
during the infestation [28,29]. Even though this may be due to low total
lice counts in the sample or that the lice mRNA was degraded in the
sample, it indicates that LsLGP3 expression is not at an optimal level in
lice infesting coho salmon. This study also indicates that coho salmon
leukocytes are affected by recLGP3 exposure similar to Atlantic salmon
(Fig. 6, Supplementary Fig. 6). The cell morphology differed between
the two species when exposed to recLGP3 and whether the mechanism
of cell death is similar or not cannot be determined in this study. This
may indicate that coho leukocytes may not encounter high levels of
LsLGP3, which allows for an influx of immune cells to the louse infes-
tation site [27,28].

5. Conclusion

LsLGP3 has been found to specifically decrease the viability of
salmonid leukocytes, probably by inducing apoptosis. As opposed to
necrosis that would induce inflammatory responses, apoptotic cells do
not necessarily induce such responses if they are phagocytosed prior to
the release of intracellular content and can even be anti-inflammatory
[78]. Thus, inducing immune cell apoptosis offers an effective mecha-
nism for immune dampening. This study has therefore laid the founda-
tion for innovative and sustainable strategies for maintaining low lice
numbers in salmon farms. These strategies could include the develop-
ment of vaccines or the use of gene editing to produce salmon resistant
to salmon louse. LsLGP3 shows potential as a vaccine antigen that could
aid in lice rejection. Furthermore, it is crucial to identify the binding
receptor for LsLGP3 on salmon, as this can contribute to producing
salmon resistant to salmon lice. Modifying this binding receptor could
contribute to an increased influx of immune cells to the infestation site
and thereby enhance lice rejection. When these strategies are combined
with sterile salmon, it could significantly improve aquaculture sustain-
ability and fish welfare.
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