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Abstract ���

Lepeophtheirus salmonis infections in Atlantic salmon (Salmo salar) have been ���

characterized by little to no hyperplastic response, and a biphasic immune response ���

which results in chronic inflammation with tissue repair as the infection progresses.  We ���

hypothesized that CpG administration with prior lice exposure would enhance epithelial ���

inflammatory mechanisms and boost the Atlantic salmon immune response to L. �	�

salmonis, leading to greater protection against infection.  We administered multiple �A�

exposures of L. salmonis to two groups of Atlantic salmon and compared responses �B�

against first time exposed Atlantic salmon. Following re-exposure, CpG fed fish ���

exhibited increased skin expression of interleukin (IL) -1� and IL-12 � compared to ���

control previously exposed (CPE) and control first time exposed (CFE) animals, ���

respectively.  This inflammatory enhancement occurred with significantly lower ���

expression of matrix metalloproteinase-9 (MMP 9), both systemically (spleen) and ���

locally (skin).  Reduced MMP 9 expression was a hallmark of the re-infected fish ���

(occurred in both tissues at both times).  When significant differences were present in ���

the skin or spleen, the two re-exposed groups showed greater similarity than with the �	�

first exposure group.  Lice numbers on CpG fed fish were significantly lower than CFE �A�

exposed fish at 7 dpri, and although they were not significantly different at 17 dpri, the �B�

trend of lower lice levels remained.  CpG fed fish also showed nearly two-fold greater ���

protection than CPE when compared to the CFE group (48.5% vs 27.0% reductions at 7 ���

days post re-infection [dpri] and 27.2% vs 13.1% reductions at 17 dpri, respectively).  ���

The enhanced protection of CpG ODN administration to previous exposure was ���

consistent across all body surfaces, and suggests that CpG can enhance not only ���
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innate responses to L.salmonis in Atlantic salmon, but also further stimulate adaptive ���

responses.   ���

 �	�

 �A�

Key Words �B�

Atlantic salmon, CpG, immunostimulation, interleukin-1�, interleukin 12B, ���

matrixmetalloproteinase-9, re-exposure, Lepeophtheirus salmonis ���

���
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Introduction ���

Extended attachment and feeding times of ectoparasitic arthropods give their hosts ���

ample time to mount effective innate and acquired immune responses (Wikel 1982; Fast ���

2005).  While our understanding of the innate mechanisms behind resistance to ���

parasitic infection in fish have grown considerably over the last several decades, our �	�

understanding of acquired responses to parasitic infection have not kept pace.  �A�

Furthermore, our methods to exploit these mechanisms in terms of immunological �B�

priming and vaccination have been limited.  Within the lineages of parasitic copepods, ���

Shields & Goode (1978) may have been the first to report erratic re-infection of Lernaea ���

cyprinacea (Copepoda: Lernaeaidae) in goldfish (Carassius auratus) and attribute this ���

to acquired immunity.  Woo & Shariff (1990) also observed a decreased infection (L. ���

cyprinacea) in previously exposed fish and reduced fecundity in those parasites that ���

were successful in re-infection.   ���

 Lepeophtheirus salmonis (Copepoda: Caligidae), a parasitic copepod that mainly ���

infects salmonids, has been the target of commercial vaccine development for the past �	�

two decades.  Initially, it was shown that Atlantic salmon developed antibody responses �A�

against L. salmonis antigens, following natural infection or through immunization with L. �B�

salmonis-homogenate (Grayson, Jenkins, Wrathmell & Harris 1991; Reilly & Mulcahy ���

1993).  Follow-up work showed that fewer ovigerous females and lower egg production ���

was observed in Atlantic salmon immunized with L. salmonis extracts.  Since then, ���

vaccines made against recombinant trypsins and vitellogenins of L. salmonis have been ���

developed, and have been shown to provide around 20% protection against infection, ���

along with reductions in parasite fecundity and host pathology (Ross, Johnson, Fast & ���
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Ewart 2006; Frost, Nilsen & Hamre  2007).  Despite this evidence of acquired immunity ���

towards L. salmonis infection, the processes involved remain relatively unknown. �	�

 Recent work on immunostimulants targeting innate mechanisms within the host �A�

haveprovided insights into enhancing immune responses against L. salmonis (Covello, 	B�

Friend, Purcell , Burka, Markham, Donkin, Groman & Fast 2012).  For example, Covello 	��

et al. (2012) administered 20 mg kg-1 CpG oligodeoxynucleotide (ODN, Class B – 	��

1668) or yeast extracts in feed to Atlantic salmon prior to and during L. salmonis 	��

infection, and found statistically significant reductions in lice number in CpG fed fish 	��

(>40%).  Furthermore, these reductions were associated with transient systemic 	��

inflammatory responses and increased inflammation at the parasite attachment site 	��

(Covello et al. 2012).  Rapid inflammation and epithelial hyperplasia around the parasite 	��

attachment, has previously been associated with resistance to L.salmonis in coho 		�

salmon (Oncorhynchus kisutch) and the lack of such a response associated with the 	A�

susceptibility of Atlantic salmon (Johnson & Albright 1992).  In primates, administration AB�

of class B - CpGs can directly stimulate B-cells and have the potential to be strong A��

vaccine adjuvant candidates (Hartman & Krieg 2000; Hartman, Weertna, Ballas, A��

Payette, Blackwell, Suparto, Rasmussen, Waldschmidt, Sajuth, Purcell, Davis &Krieg A��

2000).  The potential for stimulating a stronger acquired response, coupled with A��

enhanced inflammatory and innate responses, already shown to be of major importance A��

in resistance to L. salmonis make CpG class B-immunostimulation an attractive option A��

against sea lice. A��

 A	�
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In the current study, we administered multiple exposures of L. salmonis to two AA�

groups of Atlantic salmon and compared their responses with those of first time �BB�

exposed or naïve Atlantic salmon. We hypothesized prior lice infection would enhance �B��

epithelial inflammatory mechanisms compared to naïve salmon and boost their �B��

responses to L. salmonis, leading to greater protection against infection.  Furthermore, �B��

we hypothesized that the addition of CpG administration would prime the acquired �B��

immune responses in fish with a prior lice infection, providing even greater protection. �B��

 �B��

Materials and Methods �B��

Experimental fish and maintenance �B	�

All experimental protocols for the use of fish followed the Guidelines provided by the �BA�

Canadian Council on Animal Care (2005; ��B�

www.ccac.ca/Documents/Standards/Guidelines/Fish .pdf) and were submitted for ����

review and approval to the UPEI Animal Care Committee (UPEI Animal Care Protocol ����

#10-014).  ����

Atlantic salmon smolts were obtained from Buckman Creek Hatchery, Pennfield, ����

New Brunswick, Canada.  As per Canadian federal fish health regulations for transfer of ����

fish, a disease-free certification from a fish health professional determined this source of ����

fish and eggs pathogen-free (i.e. free of salmonid diseases of importance).  These fish ����

were transported to the Aquatic Animal Facility (AAF) in the Atlantic Veterinary College ��	�

at the University of Prince Edward Island (UPEI) (Charlottetown, Prince Edward Island, ��A�

Canada).  Fish (n=35) were held in circular flow-through tanks containing 250 L of 11oC ��B�

freshwater for the first 3 wks to acclimate.  The system was then switched to saltwater ����
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(Instant Ocean®, Cincinnati, OH) recirculation over the course of 7 days, resulting in a ����

final salinity of 33 (± 1.5) gL-1.  Fish were held for a further 2 wks to acclimatize to the ����

saltwater.  During this period, fish were fed a control diet at 1% body weight/day, divided ����

over 2 feeds.  Fish were kept on a light:dark cycle of 14 h:10 h.  At the start of the study, ����

fish weighed 118.2±3.36g (mean±SEM), by the end of the study the average weight ����

was 138.1± 4.93g (mean±SEM). ����

 ��	�

 Feed Production ��A�

The three feed treatment groups in the study were: (feed -1) control feed (previously ��B�

infected with L. salmonis); (feed-2) CpG ODN 1668 (10 mg kg-1 feed; previously ����

infected with L. salmonis); and (feed-3) control feed (first exposure to L. salmonis).  All ����

feeds were produced by Northeast Nutrition Ltd. (Truro, Nova Scotia, Canada).  Base ����

feed (also used as the control feed throughout the study) was Northeast Nutrition ����

Signature 2.5 mm salmon feed (22% fat, 49% protein, maximum 4% fibre).  The CpG ����

ODN 1668 feed was produced by dissolving CpG ODN (Sigma, MO) components in ����

water and then applying as a top coat with ethanol.  Due to CpG insolubility in ethanol it ����

first needed to be dissolved in water, then added to ethanol and sprayed on the surface ��	�

of feed to allow for evaporation of water and ethanol, leaving just the CpG coating ��A�

(Covello et al., 2012). ��B�

 ����

Sea Lice Culture and Infection ����

Egg strings from L. salmonis were harvested from cage cultured Atlantic salmon (New ����

Brunswick, Canada), aerated in 13oC saltwater collected from the sea cage site and ����
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maintained in the AAF-AVC at 33-36 salinity through 10% daily water changes until the ����

nauplii hatched and moulted into copepodids (~9-10 days).  Fish were infected following ����

a modified method of Mustafa, Rankaduwa & Campbell (2001).  Briefly, water was shut ����

off to each tank for 6 h and copeodids added under conditions of heightened aeration ��	�

(i.e O2 maintained > 8 mgL-1).  ��A�

 ��B�

First Exposures of Salmon to Lepeophtheirus salmonis ����

Fish used in this study were initially divided into three treatment groups and maintained ����

in duplicate tanks per group:  Control (uninfected), Infection-control (infected with L. ����

salmonis) and Infection-treatment (infected with L. salmonis and fed ProVale™ at 400 ����

g/1000kg feed).  All groups were exposed 3 times to L. salmonis copepodids (10-15 ����

lice/fish) over a 2 week period.  Following exposures, fish in the ProVale group were ����

taken off treated feed after 3 weeks and switched back to the control feed, as the ����

number of lice were higher than in the control infected group.   All three groups were ��	�

then maintained on the control feed for a further 29 days prior to the current re-exposure ��A�

experiment (Figure 1).   ��B�

 ����

Re-Exposure Study Design ����

Prior to beginning the CpG feed regime, fish (n=8) from each group were sacrificed to ����

serve as a normalization factor for future gene expression analysis (T0).  At this point in ����

the study, the resulting infection levels for the Infection-control and Infection-treatment ����

groups were 4.0 and 4.34 lice/fish, respectively.   CpG feeding regime was begun two ����

days prior to re-exposure.  At that point, approximately, 100 copepodids/fish were ����
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added to each of the tanks.  T(1) sampling (6-10 fish/group) occurred after 9 days on ��	�

treated feed and 7 days post re-exposure (dpe) .  T(2) (6-10 fish/group) sampling was ��A�

19 days on treated feed and 17 dpe (Figure 1).   ��B�

 ����

Sampling Procedure ����

Feed was withheld for 24 h prior to sampling, and fish were euthanized with an ����

overdose of tricaine methanesulfonate (MS-222: 250 mgL-1; Syndel Laboratories Ltd., ����

BC) and bled within minutes of immobilization.  At each of the sampling points the ����

number of the lice found on each sampled fish was recorded.  A subset of lice ����

(n=25/group/time) was also placed in 10% neutral buffered formalin (NBF) for future ����

staging.  Spleen and skin were excised and placed on dry ice.  In an effort to ��	�

standardize the sampling, skin samples were taken posterior to the left pectoral fin ��A�

above the lateral line.  A further skin sample from the same location was also placed in �	B�

10% NBF for histopathological analysis.  All tissues were stored at -80oC until required �	��

for gene expression analysis.   �	��

 �	��

Histological Analysis �	��

Skin samples were taken at and away from the site of parasite attachment (n=3 per �	��

tank; 6 per group).  Samples were processed, paraffin-embedded and cut into 5µm �	��

sections before staining with hematoxylin and eosin.  Stained slides were examined for �	��

cellular evidence of host inflammation and ulceration using a double-blind design.  �		�

Slides were re-coded to eliminate any observational bias based on knowledge of the �	A�

original treatment before they were sent to the pathologist for examination.   The level of �AB�

inflammation was given a score based on a scale from 0-3, with 0 being normal �A��
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morphology with no cellular infiltrate, 1 being mild cellular infiltrate present, 2 being �A��

moderate cellular infiltrate and 3 being marked cellular infiltrate (Covello et al., 2012).  �A��

Ulceration was evaluated as absent (0) or present (1) (Covello et al., 2012).     �A��

 �A��

RNA Extraction �A��

Total RNA was extracted from spleen and skin samples using Tri Reagent �A��

(Chomczynski & Saccho 1987) according to the manufacturer's instructions.  �A	�

Approximately 50 mg of tissue was immediately added to 1.5 ml of Tri Reagent and �AA�

mechanically macerated with a homogenizer (VWR, Mississauga, ON).  The RNA �BB�

pellets isolated using this procedure was dissolved in 100-200 µl of molecular biology �B��

grade water (MGBW) before storage at -80oC.  Total RNA concentration was measured �B��

using the NanoDrop-2000 spectrophotometer (Thermo Scientific, Wilmington, DE).  Five �B��

micrograms of the extracted RNA was then DNase treated using a TURBO DNase-�B��

free™ kit (Ambion, Foster City, CA) following the manufacturer's protocol.  cDNA �B��

synthesis was performed on 1 µg of DNase treated total RNA using a Reverse �B��

Transcription System (Promega, Madison, WI) and random hexamers, according to the �B��

manufacturer’s instructions.  Reverse transcriptase-free controls were included to �B	�

ensure the absence of genomic DNA.  The reactions were stored at -20oC until use in �BA�

qPCR.  ��B�

 ����

Quantitative Real-time PCR (qPCR) ����

Primer sets for the 3 reference genes (EF-1Ab, RSP20 and 18S) and 8 genes of ����

interest (Interleukin (IL)-1�, IL-8, IL-10, IL-12�, IL-17AR, Immunoglobulin (Ig) T, Toll-like ����
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receptor (TLR) 9 and matrix metalloproteinase (MMP) 9) were obtained from previous ����

literature (Table 1).  Each qPCR was run in a 96-well plate (Eppendorf, Mississauga, ����

ON) under standard conditions for all primer pairs in 10 µl reactions containing 0.5 µM ����

of each primer, 2x GoTaq® qPCR Master Mix  (Promega),  and 1 µl of cDNA (diluted ��	�

1:1 in MBGW).   A negative template control of MBGW was used in the series of ��A�

reactions to screen for possible cross-contamination between samples.  Amplifications ��B�

were carried out in a Eppendorf Mastercycler ep realplex2 under the following ����

conditions: initial denaturation at 95oC for 10 m, followed by 40 amplification cycles of ����

95oC for 15 s, annealing for 15 s at 55 oC or 60oC (IL-17AR) and extension for 15 s at ����

72oC.  At the end of each qPCR, melt curve analysis was performed to ensure ����

amplification of a single product. ����

 ����

Data Analysis ����

The gene expression results were analysed using qBasePLUS relative quantification ��	�

framework software v 2.0 (Hellemans, Mortier, De Paepe, Speleman, & ��A�

Vandesompele2007 ). Primer efficiencies (E = 10(-1/slope)) were determined by analysis of ��B�

10-fold serial dilutions for the reference genes and 5-fold serial dilutions for the genes of ����

interest using pooled cDNA.  Efficiencies averaged 1.96±0.01 for all genes across ����

spleen and skin samples (genes of interest standard curves were generated with spiked ����

anterior kidney cDNA from cohorts 6 hours post-LPS injection).  The stability of EF-1Ab, ����

RSP 20 and 18S as reference genes was evaluated via the qBasePLUS GeNorm ����

application (Vandesompele, De Preter, Pattyn, Poppe, Van Roy, De Paepe& Speleman, ����

2002) and it was determined that 18S was not stable in both tissues over time and was ����
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therefore removed as a reference gene.  EF-1Ab and RSP 20 were used to calculate ��	�

the mean normalized relative quantity (MNRQ) of the target gene transcripts.  Prior to ��A�

statistical analysis, gene expression data from individuals that was two standard ��B�

deviation points away from the mean were removed from further calculations.  All ����

expression values within a treatment were further normalized to their respective T(0) ����

means to examine relative expression changes following the feed treatment and re-����

exposure.  Minitab 16 was used to statistically analyze all variables and to generate all ����

graph figures.  One-way ANOVA tests using Tukey’s 95% simultaneous confidence ����

interval, were performed on all variables, including lice counts, at each individual time ����

point with a result sensitivity of p<0.05 for statistically significant results.  ����

 For histological data, Chi-squared analysis was carried out on the ulceration ��	�

scores across the groups and a Mann-Whitney test was performed on the inflammation ��A�

scores across the groups (Covello et al., 2012). ��B�

 ����

 ����

Results ����

Lepeophethrius salmonis Infection   ����

Experimental infection of Atlantic salmon with L. salmonis resulted in mean lice ����

numbers of 44.17±5.29 (mean±SEM) and 42.75±11.57 lice/fish at 7 and 17 dpe for the ����

control previously exposed (CPE) group, 31.13± 3.30 and 35.80±2.52 lice/fish for the ����

CpG ODN previously exposed group (CpG PE), and 60.50± 3.12 and 49.19±4.75 ��	�

lice/fish for the control first exposure (CFE) group (Figure 2).  Fewer than 10% of the ��A�

lice infecting fish at 7 and 17 dpe were mobile life stages, remaining from the original ��B�
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infections, and these numbers did not differ between groups or over time.  At 7 dpe the ����

lice from the re-exposure were mostly chalimus I larvae with a few remaining copepodid ����

stages found on fins and gills, whereas by 17 dpe all parasites had reached mid-����

chalimus life stages (chalimus II-III).  There was a significant difference between, all ����

groups at 7 dpe (CpG PE vs. CFE p<0.001; CpG PE vs. CPE p<0.02; CPE vs. CFE ����

p<0.03), but not at 17 dpe (Figure 2). Over the entire study lice prevalence was 100% in ����

all treatments; abundances ranged from 19 to 76 lice/fish.  A 26.99% and 13.09% ����

reduction in lice was observed in CPE fish as compared to naive CFE fish.  In the fish ��	�

groups that received a second exposure, there was a 29.52 and 16.26 % reduction ��A�

observed in CpG PE as compared to CPE fish at 7 and 17 dpe, respectively. ��B�

 ����

Histological Analysis ����

Mild inflammation was observed in a few fish from all groups at the attachment site of L. ����

salmonis, however, no differences were identified between the groups.  Ulceration at ����

the site of infection was also observed in 25% of the fish in the CPE and CFE groups ����

(Figure 3), however, no ulceration was observed at the site of attachment in the CPG ����

PE group, but these results were not significant. ����

 ��	�

Gene Expression ��A�

Analysis of the spleen gene expression data by one-way ANOVA showed that there �	B�

were no significant differences in expression for IL-1� in any of the groups throughout �	��

the study.  Gene expression for IL-8 (Figure 4B) was significantly different between �	��

treatments only at 17 dpe, (p=0.021) where expression was significantly higher in the �	��

Page 13 of 31

Journal of Fish Diseases

Journal of Fish Diseases



R
eview

 C
opy

���

�

CFE group as compared to the CpG PE group.  IL-12� was significantly different �	��

between treatment groups at both time points (Figure 4C).  At 7 dpe, gene expression �	��

was significantly higher in the CFE group (p=0.002) than the previously exposed CPE �	��

and CpG PE treatment groups, while at 17 dpe, expression was significantly lower in �	��

the CpG PE group (p<0.001) as compared to the CPE and CFE treatments.  Interleukin-�		�

12� was also significantly up-regulated in the CPE group over time (p=0.009).  Toll-like �	A�

receptor- 9 gene expression (Figure 4D) had no significant differences between �AB�

treatments at either time point, however expression was significantly down-regulated �A��

over time in the CpG PE treatment group (p=0.024).  There were significant differences �A��

between treatment groups for MMP 9 gene expression (Figure 4E) at both time points �A��

(p=0.029 and p=0.035, respectively), where expression was significantly lower in the �A��

CpG PE treatment as compared to the CFE treatment.  There were no significant �A��

differences in expression over time in any of the groups for this gene.  Significant �A��

differences in gene expression were observed between treatments for IgT at 7 dpe �A��

(p=0.022) between the groups previously exposed to lice, where CPE was significantly �A	�

lower (0.652±0.260) than the CpG PE (1.78±0.123) at this time point (Figure 4F).  In �AA�

addition, IgT expression was significantly up-regulated over time in the CPE treatment �BB�

group (p=0.018).   �B��

One-way ANOVA analysis of gene expression data from the skin showed that IL-�B��

1� was significantly different between treatments at 17dpe (p=0.002), where expression �B��

was significantly higher in the CpG PE group than compared to the CPE treatment �B��

group (Figure 5A).   There were no significant differences in skin expression for IL-8 in �B��

any of the groups throughout the study (Figure 5B).  Expression of IL-12� (Figure 5C) �B��
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was significantly higher at 17 dpe in the CpG PE group, compared to the CPE and CFE �B��

groups (p<0.001).   There were significant differences between treatment groups for �B	�

TLR 9 gene expression (Figure 5D) at both time points.  At 7 dpe gene expression was �BA�

significantly higher in the CFE treatment (p=0.005) as compared to the previously ��B�

exposed groups, while at 17 dpe gene expression remained significantly higher ����

(p<0.001) in the CFE treatment as compared to the CpG PE group.  Toll-like receptor 9 ����

expression was significantly down-regulated in the CpG PE treatment over time ����

(p=0.038).  There was a significant increase in gene expression of MMP 9 at both time ����

points in the CFE group (p<0.001 and p=0.002, respectively) as compared to the ����

previously exposed groups (Figure 5E).  Finally, IgT was significantly higher (p=0.012) ����

at 17 dpe in the CFE group as compared to the groups previously exposed to sea lice ����

(CPE and CpG PE).  ��	�

For both tissues, no significant differences in expression were observed for IL-10 ��A�

and IL-17AR in any of the treatment groups throughout the study (data not shown). ��B�

 ����

Discussion  ����

In the current study, multiple exposures of L. salmonis were administered to two groups ����

of Atlantic salmon and responses compared against first time exposed or naive Atlantic ����

salmon. Previously exposed fish fed the same diet exhibited a significant decrease in ����

lice burdens (26.99% reduction) at 7dpe as compared to naive fish.  In addition to ����

observing significant reduction in lice numbers with number of exposures, treatment (i.e. ����

diet) further affected lice burdens, as the fish fed CpG ODN (CpG PE) had significantly ��	�

lower lice numbers per fish as compared to the control fed groups.  The reduced ��A�
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numbers of lice in previously exposed fish, suggests acquired immune responses in ��B�

Atlantic salmon to L. salmonis can be significantly induced to provide protection, and ����

that this response can be further enhanced through innate induction via CpG ����

administration.  The combination of these immune enhancements reached a maximum ����

of nearly 50% protection at 7dpe, showing similar protection (~46%) to CpG ����

administration at a higher dose (2X current study) on its own (Covello et al., 2012) but ����

greater protection than described for the L. salmonis prototype vaccines (Ross et al. ����

2005; Frost et al. 2007).  Surprisingly this protective response was less at 17 dpe, and ����

no longer significant. As both previously exposed groups showed similar lice infection ��	�

from 7 to 17 dpe, whereas the naive controls exhibited a reduction, this would suggest ��A�

the effects of previous exposure (± CpG) may have affected the early settlement and ��B�

development (copepodid – chalimus I stage) of the parasite and those that survived did ����

not exhibit much mortality through successive chalimus moults (chalimus II-III).  The ����

reductions in the naive fish from 7 to17 dpe, can be explained by natural mortality ����

through the chalimus moults (stage I-III).  Perhaps, if the study were carried on longer, ����

further cumulative differences between the groups would have been observed as seen ����

in Covello et al. (2012), where the greatest reductions were observed following ����

development to the adult life stages of the parasite.  ����

 Despite the reductions in lice density in the previously exposed fish, there were ��	�

no appreciable differences in the groups histologically, at the site of attachment.  Very ��A�

little inflammation was observed in any of the groups, unlike Covello et al. (2012) where ��B�

CpG (20 mg/kg) showed mild to moderate inflammation in all cases.  This may not have ����

been seen in the CpG group due to the lower dose, the reduced time on CpG feed (<3 ����
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weeks vs. >5 weeks) when sampled, or due to the higher infection level (10X higher) ����

compared to Covello et al. (2012).  No ulceration in the CpG fed fish here, was also ����

similar to Covello et al. (2012). ����

 ����

Gene Expression ����

Significant differences in gene expression were present in the skin and spleen ��	�

between groups, and the two re-exposed groups showed greater similarity to each other ��A�

than with the first exposure group (9/13 instances), most notably in MMP 9 in each ��B�

tissue at both time points.  Following re-exposure, CpG PE fish exhibited opposing ����

expression profiles in the two tissues for the inflammatory mediators.  Systemic (spleen) ����

expression of interleukin (IL)-8 and IL-12� was significantly lower in the CpG fed fish ����

compared to control previously exposed (CPE) and control first time exposed (CFE) ����

animals.  And although, not significantly different, the same trend was observed for IL-����

1�.  Locally (skin), CpG PE fish showed increased gene expression for IL -1� and IL-����

12� as compared to control previously exposed (CPE) and control first time exposed ����

(CFE) animals, respectively.  The same trend was also observed for IL-8, however it ��	�

was not significantly different among treatments.  While this was not supported by ��A�

histopathological evidence, the localized expression of inflammatory markers in the skin ��B�

of CpG PE and CPE during chalimus life stage infection, and their association with ����

reduced parasitic infection is in agreement with previous work in multiple salmonid ����

species (Covello et al. 2012; Jones, Fast, Johnson & Groman 2007).  ����

Recognition of CpG motifs by host pattern recognition receptors (PRRs) ����

specifically occurs through engagement of the toll-like receptor (TLR) 9, yet in our study, ����
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TLR-9 expression was lowest in CpG PE fish and significantly down-regulated in spleen ����

over time. Previous work in Atlantic salmon has also shown that class B CpGs ����

(administered i.p.) have resulted in reduced TLR-9 expression at 2 and 5 days post ��	�

injection (Strandskog, G. , Skjæveland, I., Ellingsen, & J.B. Jørgensen 2008).  These ��A�

authors suggest that TLR-9 may be under the control of a negative feedback loop in �	B�

salmon due to its potent induction of inflammatory signals.  Furthermore, they go on to �	��

add that down regulation of TLR-9 may also be due to a CpG-induced maturation of �	��

salmon antigen presenting cells (APC) as observed in humans (Visintin, Mazzoni, �	��

Spitzer, Wyllie, Dower & Segal 2001; Strandskog et al. 2008). Our work would give �	��

further support of the first hypothesis by Strandskog et al. (2008) and indirectly support �	��

the second, as enhanced acquired resistance due to CpG administration is indicative of �	��

APC maturation.  As absorption of CpG along with the feed should occur across the gut, �	��

it is likely that TLR-9 regulation is more greatly affected at the source of initial �		�

recognition, perhaps within the interstitium, lamina propria of the intestine or even the �	A�

gut associated lymphoid tissue (GALT).  As the CpG PE fish exhibited greater skin �AB�

epithelial responses to the parasite infection, we may be observing an �A��

epithelial/mucosal compartmentalization of the immune response towards L. salmonis �A��

which is beneficial for the host.  To obtain a better understanding of this, further study �A��

focusing on the connections and signaling mechanisms from the GALT following �A��

intestinal responses to stimuli and how they affect skin epithelial immunity and SALT, �A��

are needed. �A��

  The highest average lice numbers per fish were observed in the naive group for �A��

both time points, suggesting increased damage and signalling for cellular repair was �A	�
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required in these fish.  MMPs regulate various aspects of inflammation and immunity by �AA�

acting as pro-inflammatory cytokines and chemokines and are expressed in all diseased �BB�

and inflammed tissues undergoing repair and remodelling (reviewed in Parks, Wilson & �B��

Lopez-Boado 2004).  Reduced MMP 9 expression was a hallmark of the re-infected fish �B��

(occurred in both tissues at both times), while induced MMP 9 expression was a �B��

hallmark of the naïve group.  Using a salmonid cDNA microarray, Skugor et al. (2008) �B��

also identified MMP-dependent tissue remodeling in L. salmonis infected Atlantic in the �B��

damaged skin, spleen and head kidney at 22 and 33 days post infection (dpi), which �B��

corresponded to key lifecycle stages of L. salmonis.  The increases in inflammation and �B��

MMP-tissue remodelling observed by Skugor et al. (2008) occurred alongside an �B	�

inhibitory signal towards cell proliferation. In response to wound repair in pink salmon �BA�

(Oncorhynchus gorbuscha) , Sutherland, Jantzen, Danerson, Koop & Jones (2011) also ��B�

observed expression of MMPs 9 and 13 were up-regulated following louse infection in ����

susceptible juvenile size classes (0.3 g), again with inhibited cell proliferation.  ����

Tadiso et al. (2011) observed IgT expression significantly increased in the spleen ����

and skin 15 days after sea lice challenge.  In this study, following re-exposure, the ����

highest expression of IgT in the spleen was observed in the CpG PE group at 7dpe and ����

expression was significantly upregulated over time in the CPE group, perhaps ����

suggesting activation of adaptive immune responses due to previous exposure (i.e. ����

memory).  However, in the skin the naive fish had significantly higher IgT expression ��	�

17dpe than the previously exposed groups and there were no significant differences ��A�

over time.   IgM was not measured for this study, but its inclusion in the future as well as ��B�
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identification of protein level changes in IgM/T might help explain the differences ����

observed between the two tissues in relation to IgT expression.   ����

 ����

Conclusions ����

Induction of systemic inflammation with little observed response in the skin, as ����

seen in naive controls (IL-8, IL-12�, IL-1�, MMP-9) is suggestive of the chronic ����

inflammation observed by Skugor et al. (2008).  At these parasite burdens, if infection ����

were allowed to continue, maintenance of this systemic inflammatory state would lead ��	�

to cellular and tissue stress (i.e. chronic cortisol elevation) eventually leading to ��A�

morbidity and mortality in some fish (Fast et al. 2006a; Wagner et al. 2007).  ��B�

Inflammatory enhancement in the skin as seen in CPE and especially in the CpG PE ����

groups occurred with significantly lower expression of matrix metalloproteinase-(MMP)-����

9, both systemically (spleen) and locally (skin). This is suggestive of less damage to the ����

host and subsequently less tissue repair required.  While the effects of localized and ����

systemic inflammation were evident in terms of their association with previous exposure ����

and reduced vs elevated parasite burdens, respectively, our understanding of acquired ����

responses to L. salmonis still requires further study.  CpG administration appears to ����

enhance localized skin inflammation as measured by histopathology and gene ��	�

expression in other work (Covello et al., 2012) and gene expression measured here.  ��A�

Enhanced skin inflammation is an important resistance mechanism against L. salmonis ��B�

as previously reported (Johnson & Albright, 1992; Jones et al. 2007), but the role ����

antibody-mediated responses, especially those associated with the skin (i.e. IgT), play ����

is still unclear.   Differences are observed between naïve and exposed fish in different ����
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tissues, but following the opposite trend to the inflammatory markers.  Enhanced IL-12� ����

(skin) as well as down-regulation of TLR-9, observed in CpG PE were also suggestive ����

of maturation of APCs and T-cell signalling (Th1).  Overall, the enhanced protection of ����

CpG ODN administration to previous exposure was consistent across all body surfaces ����

(fins, gills, skin/scales, etc.), and suggests that CpG can enhance not only inflammatory ��	�

and innate responses to L.salmonis in Atlantic salmon, but also further stimulate ��A�

adaptive responses.  ��B�

 ����
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Figures Legend ��	�

Figure 1. timeline of overall study with sampling regime showing the number of days ��A�

during the study (0 signifying end of aclimitization period) across the top and the timing �	B�

of the sampling points underneath. Dashed lines across the time line identify individual �	��

lice exposures. * identifies the end of the ProVale treated feed. ^ identifies the beginning �	��

of the CpG feed in the former ProVale group. Data in [ ] are in degree days.  �	��

Figure 2.  Mean (±SEM) number of sea lice (Lepeophtheirus salmonis) per Atlantic �	��

salmon (Salmo salar) in the control diet previous exposure (CPE), CpG ODN diet �	��

previous exposure (CpG PE), and control diet first exposure (CFE) for 7 and 17 days �	��

post re-exposure (dpe). Letters (A/B/C) identify significant differences between �	��

treatments within sampling times (n=8-10/group/time; ANOVA p<0.05). �		�

Figure 3. Hematoxylin and eosin stained histological section of naive Atlantic salmon �	A�

(Salmo salar) skin infected with a chalimus sea louse (Lepeophtheirus salmonis) at 7 �AB�

days post re-exposure.  Epithelial erosion and ulceration observed directly below the �A��

oral cone of the louse (*).   �A��

Figure 4.  Mean normalized relative expression (±SEM) of  (A) IL-1�, (B) IL-8, (C) IL-�A��

12�, (D) TLR 9, (E) MMP 9 and (F) IgT in the spleen of Lepeophtheirus salmonis �A��

parasitized Atlantic salmon (Salmo salar)  in control diet previous exposure (CPE), Cpg �A��

ODN diet previous exposure (CpG PE) and control diet first exposure (CFE) groups.  7 �A��

days post re-exposure (dpe) was nine days on treated feed, and 17 dpe was 19 days on �A��

treated feed.  The asterisk indicates a significant difference over time for a particular �A	�

treatment (p < 0.05).  Letters (A/B) identify significant differences between treatments �AA�

within  sampling times (n=8-10/group/time; ANOVA p<0.05). �BB�

Figure 5.  Mean normalized relative expression (±SEM) of  (A) IL-1�, (B) IL-8, (C) IL-�B��

12�, (D) TLR 9, (E) MMP 9 and (F) IgT in the skin of Lepeophtheirus salmonis �B��

parasitized Atlantic salmon (Salmo salar)  in control diet previous exposure (CPE), Cpg �B��

ODN diet previous exposure (CpG PE) and control diet first exposure (CFE) groups.  7 �B��

days post re-exposure (dpe) was nine days on treated feed, and 17 dpe was 19 days on �B��

treated feed.  The asterisk indicates a significant difference over time for a particular �B��

treatment (p < 0.05).  Letters (A/B) identify significant differences between treatments �B��

within  sampling times (n=8-10/group/time; ANOVA p<0.05). �B	�

 �BA�

 ��B�

 ����
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