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Abstract

Chemokines and chemokine receptors rapidly diversified in teleost fish but their immune functions
remain unclear. We report here that Chemokine (C-C motif) ligand 19 (CCL19), a chemokine
known to control lymphocyte migration and compartmentalization of lymphoid tissues in
mammals, diversified in salmonids leading to the presence of six CCL19-like genes named
CK10a, CK10b, CK123, CK12b, CK13a and CK13h. Salmonid CCL19-like genes all contain the
DCCL conserved motif but share low amino acid sequence identity. CK12 (but not CK10 or
CK13) is constitutively expressed at high levels in all four trout MALT. Nasal vaccination with a
live attenuated virus results in sustained up-regulation of CK12 (but not CK10 or CK13)
expression in trout NALT. Trout recombinant CK12a (rCK12a) is not chemotactic /n vitro but it
increases the width of the nasal lamina propria (LP) when delivered intranasally (I.N.). rCK12a
delivered I.N or i.p. stimulates the expression of CD8a., granulysin, and IFN+y in mucosal and
systemic compartments and increases nasal CD8a.* cell numbers. rCK12a is able to stimulate
proliferation of head kidney leucocytes (HKLs) from antigen experienced trout but not naive
controls yet it does not confer protection against viral challenge. These results show that local
nasal production of CK12a contributes to antiviral immune protection both locally and
systemically via stimulation of CD8 cellular immune responses and highlights a conserved role for
CK12 in the orchestration of mucosal and systemic immune responses against viral pathogens in
vertebrates.

Introduction

Chemokines are a family of cytokines that play important roles in homeostasis as well as
immunity (1-3). As small secreted molecules, chemokines are the extracellular messengers
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of the immune system and largely control the extravasation of different immune cells from
the bloodstream into the tissues (4). It is known that chemokine responses can be induced by
a number of stimuli including viral infection and these responses are vital for control of the
virus (5). Chemokines are classified in different families based on their amino acid
sequence. Homeostatic chemokines such as CCL19, CCL21, CXCL12 and CXCL13, are
expressed in lymphoid organs and regulate the migration and compartmentalization of
lymphocytes and antigen presenting cells within lymphoid tissues (6-9). CCL19 and CCL21
are also known to orchestrate the development and organization of secondary lymphoid
organs including the nasopharynx-associated lymphoid tissue (NALT) (10, 11). Viral
infections trigger CCL19 responses in mammals (12), which attract naive T and B
lymphocytes to lymphoid organs after 24-48 h of infection (13).

A number of viruses are known to enter the host via the olfactory route (14-18). This route
of infection provides a clear advantage to neurotropic viruses since they may gain access to
the central nervous system (CNS) via the olfactory bulb. Moreover, in mammals, viral
infection of the upper respiratory surfaces may result in infection of the lungs (19-22).
Finally, viral infection of nasal tissues, if not controlled locally, can trigger strong systemic
responses once the virus enters the bloodstream via the nasal capillary beds. As a
consequence, rapid onset of systemic antiviral immunity may be vital to control nasal viral
infections.

Nasal vaccines are known to offer a number of advantages over other mucosal vaccines
including the ability to stimulate potent systemic antibody immune responses (23-26). The
profuse network of capillaries that connects the olfactory organ (OO) with the systemic
bloodstream may explain this property of nasal vaccines. In addition, molecular immune
mechanisms connecting the nasal and systemic lymphoid tissues must be pivotal for the
orchestration and rapid communication of local and systemic immune responses. In this
regard, chemokines and other cytokines may provide the required signals for this
communication, yet a full understanding of these mechanisms and their evolutionary origins
are still missing.

We recently discovered the presence of NALT in teleost fish (27, 28) as a diffuse network of
immune cells in the nasal mucosa that shares the same canonical features of other teleost
MALT. We also showed that nasal vaccination of rainbow trout with a live attenuated viral
vaccine results in both local nasal and systemic immune responses (27, 29). The latter
opened up many questions including what are the molecular mechanisms that explain the
protective effects of nasal vaccines in fish and how are nasal and systemic immune responses
orchestrated in cold-blooded vertebrates. As a preliminary effort, oligomicroarray studies
following nasal vaccination with a viral vaccine revealed that early antiviral immune
responses in rainbow trout NALT are characterized by dramatic increases in the expression
of a CCL19-like molecule (27). Thus, we hypothesized that salmonid CCL19-like
chemokines may provide the molecular link between local (nasal) and systemic immune
compartments during the course of antiviral immune responses and therefore can orchestrate
both types of responses following nasal vaccination.
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Evolutionary speaking, chemokines and their receptors can be detected in lower
deuterostome animals (30-32) and they are considered rapidly evolving immune molecules
(30, 33). To date, many chemokine and chemokine receptors have been found in bony fish
(34-40), a group that has more chemokines and chemokine receptors than any other
vertebrate including amphibians and mammals. Previous studies have identified rapid,
tandem duplications in a number of teleost species including salmonids and zebrafish (38,
41, 42). It has been suggested that the diversification observed in the numbers and sequences
of chemokines in bony fish may reflect the adaptation of the individual species to their
respective biological environment (42). Despite this plethora of chemokines and chemokine
receptor molecules, very little information is available with regards to their biological
activities in teleost fish.

Using the DCCL amino acid signature motif, CCL19-like molecules have been previously
identified in a few teleost species including turbot (Scophtalmus maximus) (43, 44) and
striped murrel (Channa striatus) (45). Their reported activities resemble canonical
mammalian CCL19 functions including leucocyte trafficking, cell proliferation and antiviral
and antibacterial properties (43, 45). Recently, a study in Atlantic salmon (Salmo salar)
detected by microarray, the increased expression of CCL19-like in the HK of resistant and
susceptible salmon strains challenged with infectious pancreatic necrosis virus (46).
Moreover, a study on catfish showed that CCL19 gene expression is up-regulated
significantly following Eawardsiella ictaluriand Flavobacterium columnare infection (41).
In rainbow trout, the CCL19-like CK12 was suggested to have a role in mucosal immune
responses given its constitutive expression in mucosal tissues such as gill, gut and skin (47).
Furthermore, the mRNA levels of two other trout CCL19-like, CK10 and CK12 mRNA,
increase following bath infection with viral hemorrhagic septicemia virus (VHSV) as well as
infectious pancreatic necrosis virus (IPNV) at the fin base and ovary, respectively (40, 48—
50). Trout CK12 expression also increased in HK and spleen of VHSV infected or Poly I:C
injected trout and in trout HKLs after /n vitro exposure to Poly I:C, IPNV and VHSV (40,
48-50). However, whether teleost CCL19-like chemokines play a role in nasal immune
responses deserves further investigation (27).

Since we found a clear induction of CCL19-like by oligomicroarray in trout NALT
following nasal vaccination with a live attenuated viral vaccine (27), using the DCCL amino
acid signature motif, we conducted further analysis in the NCBI database, in particular
searching the rainbow trout and salmon genomes, in order to identify additional CCL19-like
forms. Three CCL19-like genes have been described in rainbow trout thus far: CK10,
CK12a and CK12b (34, 38) based on EST libraries. However, here we report that six
CCL19-like genes exist in rainbow trout and salmon (CK10a, CK10b, CK12a, CK12b,
CK13a and CK13b) forming three major clusters (“CK10”, “CK12” and “CK13”). Using a
number of in vitroand in vivo studies, we provide the first evidence that CCL19-like
diversification resulted in the acquisition of a CCL19-like form, CK123, that is able to
induce both nasal mucosal and systemic antiviral immune responses. Our results not only
highlight the conserved role of CCL19 in nasal immunity in vertebrates but also show that
this chemokine facilitates the onset of systemic immune responses following nasal detection
of antigens as well as the recruitment of antigen presenting cells and CD8* T cells to the
local nasal mucosa.
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Materials and Methods

Molecular identification of trout CCL19-like, sequence analysis, phylogenetic analysis and
3-D structure modeling

Rainbow trout CK12a sequence was identified by BLAST (http://blast.ncbi.nim.nih.gov/
Blast.cgi) (51) using the EST sequence printed in the “Trout_imm_v1’ (Agilent array design
028918) (27). Rainbow trout CK12a sequence was used to identify the sequence of rainbow
trout CK13 and CK10 by BLAST against the available rainbow trout genome (52). The three
rainbow trout sequences possess the canonical DCCL amino acid motif typical of vertebrate
CCL19 sequences. Prediction of the open reading frame (ORF) was performed with the
programs BLAST and the EXPASy proteomics server (ca.expasy.org/). The ORF of each
sequence was amplified by RT-PCR using specific primers (Table 1) and the PCR products
were cloned as previously described (53). A multiple sequence alignment was created using
CLUSTALW (http://align.genome.jp/) (54). Phylogenetic tree was constructed from
generated alignments using the Neighbor-Joining (NJ) method within the software MEGA 7
(55); data were analyzed using Poisson correction and gaps were removed by pairwise
deletions. To evaluate the topological stability of the NJ tree, a bootstrap of 1000 replicates
was applied; with only values over 50% shown. To obtain the percentages of identity and
similarities of the six sequences, the software MatGat 2.02 (56) was used. 3-D prediction of
protein structures for CCL19-like molecules was performed via Phyre? (57) online tool
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) and the .pdb files were
modeled using PyMOL (https://www.pymol.org).

Constitutive expression of CK12, CK13 and CK10 by RT-gPCR

RNA was extracted by homogenization in 1ml TRIZol (Invitrogen) using tungsten carbide
beads (3 mm, Qiagen) and shaking (300 times per min) following the manufacturer’s
instructions. The RNA pellet was washed in 500 ml 80% ethanol, air dried and resuspended
in RNase-free H,O. The RNA concentration was determined by spectrophotometry
(Nanodrop ND1000, LabTech) and the integrity of the RNA was determined by
electrophoresis (Agilent Bioanalyser, 2100). cDNA synthesis was performed using 1 pg of
total RNA, which was denatured (65°C, 5 min) in the presence of 1 ul of oligo-dT17, 1 pl
dNTP (deoxynucleoside triphosphate mix 10 mM each (Promega) and RNA/DNA free water
(Sigma) in a volume of 13 pl. Synthesis was carried out using 1 pl Superscript 111 enzyme
reverse transcriptase (Invitrogen) in the presence of 5 pl of 5x first strand buffer, 1 ul 0.1 M
DTT, made up to a final volume of 25 pl with water, and incubated at 55°C for 1 h. The
resultant cONA was stored at —20°C. The expression of CK12, CK13 and CK10 was
measured by RT-qPCR using specific primers (Table I). Due to the sequence similarities
between CK12a and b and between CK13a and b, we were only able to design primers sets
that would amplify all “CK12” genes, all “CK13” genes. Although it may be possible to
design primers to analyze gene expression of CK10a and b separately, for consistency
purposes, we designed primers that would amplify both “CK10” genes. The gPCR was

2 Abbreviations: NALT: nasopharynx-associated lymphoid tissue; OO: olfactory organ; LP: lamina propria; HKLs: head-kidney
leucocytes; IHNV: infectious hematopoietic necrosis virus; I.N.: intranasal
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performed using 3 ul of a diluted cDNA template as described in Tacchi et al. 2013 (53).
Trout elongation factor EF-1a was used as control gene for normalization of expression.

Animals and nasal vaccination with viral vaccine

Triploid female adult rainbow trout (mean weight 200 g) were obtained from the Lisboa
Springs Hatchery, Pecos, New Mexico. All animal studies were reviewed and approved by
the Institutional Animal Care and Use Committee (IACUC) at the University of New
Mexico, protocol number 16-200384-MC. For nasal vaccination studies, adult rainbow trout
received live attenuated infectious hematopoietic necrosis virus (IHNV) vaccine or
phosphate buffer saline (PBS) intranasally (I1.N.) as described in (27). The OOs (N=5) from
each group were sampled 1 day, 4 days and 7 days post-vaccination and placed in RNAlater
for gene expression studies

Recombinant protein production, SDS-PAGE and western blot

Recombinant His-tagged trout CK12a (rCK12a) (aa sequence:
MHHHHHHFSEVPVDCCLLTTETRFPRHFKMVSYLLQTTEKGCDIDATVFITKTGVRL
CTPHPTKSKWVADY IKRLERTISL) was produced in a bacterial expression system (£.
coli, expression vector E3, GenScript USA, Inc) with a theoretical molecular weight of the
recombinant protein of 9.4 KDa. Endotoxin level was <0.01 EU/ug. The recombinant
protein was then refolded using gel filtration as previously described (58) and filtered
sterilized sing a 0.22 um filter. The obtained protein was analyzed by SDS-PAGE under non-
reducing and reducing conditions by loading 2 pg of recombinant protein onto a 4%-2-%
SDS-PAGE gel followed by Coomassie Blue staining to confirm the presence of a band of
the expected m.w. (~12 kDa) (Supplemental Fig. 1A). We only observed one band after
refolding. Moreover, no aggregates were observed in the gel. The gel was transferred to a
PVDF membrane and incubated with anti-histag antibody (1:1000; Pierce) followed by
incubation with HRP-labeled anti-histag mouse 1gG1 (1:7500; ThermoScientific)
(Supplemental Fig. 1B). Recombinant protein was then refolded using gel filtration as
explained elsewhere (58).

Head kidney leucocyte isolation and chemotaxis assays

After bleeding from the caudal vein, HKLs, spleen leucocytes (SLs) and gut leucocytes
(GLs) were isolated by Percoll density gradients as described in Salinas (2007 and 2011)
(59, 60). Cells were then washed twice, counted in a Neubauer chamber and adjusted to
5x106 cells/ml. Chemotaxis assays were carried out in Transwell plates (pore size 3 pm,
Costar, Corning). To test the capacity of rainbow trout rCK12a to attract HKLs and SLs
from naive and vaccinated trout, 400 pl of culture media containing different concentrations
of rCK12a (10, 100 or 1000 ng/ml) were placed at the bottom of the wells and 5x10° HKLs,
SLs or GLs were carefully loaded onto the upper chamber. After 90 min at 18°C in a CO
chamber, cells were collected from the bottom of the plate and adherent cells detached by
trypsinization. The total number of cells that had migrated to the bottom of the wells was
quantified by flow cytometry in an Attune Flow Cytometer (Applied Biosystems) by
counting the number of events in 2 min. Positive controls consisted of freshly isolated HKLs
and SLs, HKLs and SLs directly placed at the bottom of the well so test the maximum
collection capacity and wells to where zymosan (ZAS) activated trout serum (1:30) was
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added to the medium. Chemorepellent activity of rCK12a was tested by placing both
zymosan and rCK19a (10, 100, 1000 ng/ml) at the bottom of the Transwell plates. Negative
controls consisted of medium to which the same volume of PBS or an irrelevant protein (a
histag Drosophila melanogaster recombinant protein refolded as rCK12a in PBS) rather than
rCK12a was added.

CFSE proliferation assay and flow cytometry

Freshly isolated rainbow trout HKLs cells (10° cells/ml) from control or IHNV I.N.
vaccinated fish (n=5) were labeled with 1 uM CFSE (Molecular Probes, Thermofisher)
according to manufacturer’s instruction. Cells were then stimulated with rCK12a (100 ng/ml
or 1000 ng/ml) for 7 days. Unstimulated labeled HKLs were used as negative controls.
Positive controls consisted of HKLs incubated with Vibrio anguillarum lysate. Cell division
was measured as the percentage of cells where the CFSE intensity was lower than the
unstimulated control in an Attune Flow Cytometer (Applied Biosystems). A total of 20,000
events were collected per sample.

Fluorescence in situ hybridization (FISH)

OO cryosections from adult control or nasally vaccinated IHNV rainbow trout were stained
with rainbow trout CK12 or NON-CK12 (negative control) oligonucleotide probes labeled at
their 5° ends with indodicarbocyanine (Eurofins MWG Operon). The probe sequence used
is shown in Table I. Hybridizations were performed at 37°C overnight with hybridization
buffer (2X SSC/50% formamide) containing 1 pg/ml of the labeled probe. Slides were then
washed with hybridization buffer without probes followed by two more washes in washing
buffer (0.1X SSC) and two washes in PBS at 37°C. Nuclei were stained with DAPI (5
ng/ml) solution for 25 min at 37°C. Slides were mounted with fluorescent mounting media
and images were acquired and analyzed with a Nikon Ti fluorescence microscope and the
Elements Advanced Research Software (version 4.2).

Immunofluorescence microscopy

OO cryosections from control, 1.N. rCK12a treated and i.p. rCK12a treated (n = 3) rainbow
trout were stained with anti-trout CD8a.* and MHC-I1I antibody as explained elsewhere (29,
61, 62). Nuclei were stained with DAPI DNA stain and slides were observed under a Nikon
Ti fluorescence microscope. A total number of ten images per sample from six different
cryosections were captured and the number of CD8a* cells and MHC-I1* cells were visually
counted by two different researchers. The distance from 0 to 100 um was considered the
apical LP and between 100 and 250 pm was considered the mid LP. The width of LP in
apical and mid points of the lamella was measured in ten different lamellae per sample. All
analyses were carried out with the Nikon Elements Advanced Research Software v. 4.2.

In vitro effects of rCK12a on immune gene expression

A total of 108 HKLs (n=6) in DMEM + 10% FBS per well were pipetted onto flat-bottom 24
well plates. After 4 h, rCK12a (100 ng/ml) or PBS (control) were added to the cell cultures
for 6, 24 and 48 h. Cells were collected and placed in TRIZol (Invitrogen). Total RNA was
extracted and cDNA produced as explained elsewhere (63). Expression levels of CD8a.,
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CD8B, granulysin, IFN-y, IL7-R, CCR7, MHC-1Ib and CXCR3 was measured by RT-qPCR
using specific primers (Table I). Trout elongation factor EF-1a was used as control gene for
normalization of expression. The relative expression level of the genes was compared to the
unstimulated control and determined using the Pfaffl method (64).

In vivo delivery of rCK12a, effects on gene expression and challenge experiments

Rainbow trout (mean weight 3 g) were divided into three experimental groups. The first
group was a control group that received PBS I.N. and i.p., the second group received 3 pg of
refolded rCK12a in PBS I.N.; the third group received 3 pg of refolded rCK12a in PBS i.p.
00 and HKs (n=5) were sampled at days 1, 5 and 8 after rCK12a administration. Expression
of CD8a, granulysin, IFNy, CCR7 and CK12 was measured by RT-gPCR and analyzed as
previously described. Eight days after rCK12a treatment, trout were challenged with virulent
IHNV as explained elsewhere (27). A total of 25 fish per tank in duplicate tanks were used
for the challenge experiment. Controls consisted of mock-vaccinated fish (received PBS I.N.
and i.p.) and an unchallenged group. Mortalities were recorded for 28 days post-challenge.

Statistical analyses

Results

Data are expressed as the mean + sem. Gene expression data was analyzed by t test to
identify statistically significant differences between groups. Data analysis was performed in
GraphPad Prism version 5.0. One-way ANOVA and a Tukey post hoc analysis test were
performed to identify statistically significant differences among groups. For the proliferation
assay a multivariate ANOVA test followed by a Fisher’s least significant difference post hoc
test for multiple comparisons was performed. Survival proportions among experimental
groups in the challenge experiment were compared using the logrank test within Prism. The
p values < 0.05 were considered statistically significant.

Salmonids possess six CCL19-like genes

Searching for the CCL19-like motif in the rainbow trout genome revealed that salmonids
possess six different genes that encode CCL19-like chemokines. We named them CK12a,
CK12b, CK13a, CK13b, CK10a and CK10b (Fig. 1). Out of all the isoforms, CK12a had
been identified as one of the most important immune genes up-regulated in trout NALT
following nasal vaccination with a viral vaccine (27). The coding regions for CK12a,
CK12b, CK13a, CK13b, CK10a and CK10b were 285, 297, 321, 324, 342 and 318 bp long,
respectively. They encoded for a 95, 99, 107, 108, 114 and 106 aa long protein, respectively
(Fig. 1A). Alignment of all six rainbow trout CCL19-like sequences showed a highly
variable level of conservation among them with CK13a and b sharing 82.4% identity while
CK13b and CK10b are the most dissimilar with only 17% identity (Supplemental Table I).
Phylogenetic analyses comparing salmonid CCL19-like molecules with other available
teleost and mammalian CCL19 sequences showed that there is a clear relationship between
CK12 and CK13 genes (with a bootstrap over 50%) (Fig. 1B). Meanwhile, CK10a and b,
appear to be phylogenetically distant from the other teleost CCL19-like genes. As expected,
mammalian CCL19 sequences cluster in a separated clade from the fish homologues. When
comparing all the trout and human chemokines available to date, phylogenetic analysis also
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shows that teleost CCL19-like genes are more closely related to mammalian CCL19 genes
than to other chemokine genes. Finally, screening of the Atlantic salmon and rainbow trout
genomes revealed that the six CCL19-like genes are positioned in four different
chromosomes in the Atlantic salmon genome and in six different scaffolds in the rainbow
trout genome (Fig. 1C). However, we could not locate CK10b in the current versions of the
Atlantic salmon or trout genomes. It is possible that future versions of these genomes may
reveal CK10b genomic position.

3-D protein structures of all six rainbow trout CCL19-like molecules (CK12a, CK12b,
CK13a, CK13b, CK10a and CK10b) are shown in Supplemental Fig. 2. Mammalian CCL19
has a canonical chemokine fold consisting of a flexible N-terminus and N-loop followed by
an antiparallel three stranded B-sheet, a C-terminal a-helix, and a short flexible C-terminus
(65). Predicted rainbow trout CCL19-like structures show some commonalities but also
important differences compared to mammalian CCL19. All trout CCL19-like forms have a
short flexible C-terminus, a C-terminal a-helix, a three stranded p-sheet and an N-loop.
However, the N-terminus differs significantly from the resolved mammalian CCL19
structure. Moreover, consistent with the low sequence identity among some of the trout
CCL19-like molecules, their N-termini differ considerably. Whereas CK12a has a very short
flexible N-terminus followed by a N-terminus a-helix, CK13a, b and CK10a all have long
flexible N-termini. CK12b and CK10b, in turn, had intermediate length flexible N-termini.
These data indicate some degree of molecular structural conservation among CK12, CK13
and CK10 molecules in salmonids.

CK12, CK13 and CK10 show distinct constitutive tissue distribution in rainbow trout

In order to gain some understanding on the physiological functions of the three CCL19-like
genes found in rainbow trout, we measured their constitutive expression in main lymphoid
organs (HK and spleen), mucosal lymphoid tissues (gut, gill, skin and OO), neuronal tissues
(brain) as well as muscle. We normalized the expression in every tissue to that of the brain.
As shown in Fig. 2A—-C, each CCL19-like gene displays a unique constitutive expression
pattern. In agreement with a previous report (47), CK12 is primarily expressed in mucosal
lymphoid tissues including the OO, with levels between 100-300 fold greater than those
recorded in main lymphoid organs such as the spleen (Fig. 2A). CK13 was expressed in all
immune tissues examined with no clear difference between mucosal and non-mucosal
immune sites although it was expressed between 1.5-4 times more in mucosal tissues than in
the spleen (Fig. 2B). Finally, CK10 was expressed in every tissue examined, including non-
immune tissues such as the brain and the muscle (Fig. 2C). At mucosal sites, expression of
CK10 was comparable to that measured in the spleen. This expression pattern may indicate a
more homeostatic role for CK10 compared to the other two (Fig. 2C). Combined, these
results suggested that CK12 plays a more important role in trout mucosal immunity than
CK13 and CK10.

Kinetics of trout CCL19-like expression in trout NALT following nasal viral vaccination

We previously identified CCL19-like (CK12a in this study) as one of the major innate
immune genes that is up-regulated in NALT following nasal vaccination with an IHNV
vaccine (27). In order to know if this response is specific of this CCL19-like form, we
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measured CK12, CK13 and CK10 expression in the OO of trout 1 day, 4 days and 7 days
post-nasal vaccination using the same IHNV vaccine model (Fig. 2D). CK12 was up-
regulated 2-fold on day 1, 67-fold on day 4 and 4-fold on day 7 in the OO of vaccinated
trout compared to controls. The strong up-regulation of CK12 expression on day 4 was
confirmed by FISH (Supplemental Fig. 3). FISH staining showed that the increase in CK12
expression was due to a few high expressing cells rather than an increase throughout the
tissue.

CK13 only showed a moderate up-regulation on day 1 (2-fold) and no-significant changes in
expression at any other time points. Interestingly, CK10 responded very differently to the
other two CCL19-like genes since it was significantly down-regulated (~3-fold) on day 1
and back to basal levels after 4 days and 7 days. These expression patterns indicated that
CK12 is the main CCL19-like gene involved in trout nasal immune responses /1 Vivo.

rCK12ais not chemotactic in vitro

Previous studies have shown that teleost CCL19 has a canonical chemotactic activity similar
to that reported in mammals (43, 45). It is important to note that those studies albeit calling
the molecule of interest CCL19, they used recombinant proteins that do not cluster with
trout CK12 based on phylogenetic analysis (Fig. 1B). Moreover, a study in rainbow trout
tested chemotactic activities of recombinant protein CK12b (acc. number CA346383) in
HKLs, PBLs and SLs of rainbow trout (47). They showed no chemotactic activity of 0.1, 1
and 10 ng/ml of recombinant protein CK12b toward HKLs and PBLs cells /in vitro using the
Transwell system. Nevertheless, they observed moderate chemotactic activity in SLs
exposed to 10 ng/ml of trout recombinant CK12b (47). We also tested the chemotactic
ability of rCK12a /in vitro using a Transwell assay system (Fig. 3A—E). We could not detect
any significant migration of naive HKLs, SLs (Fig. 3A and B) or GLs (data not shown)
towards a wide range of concentrations of rCK12a. We attempted to pre-activate trout
leucocytes with LPS (data not shown), IHNV (Fig. 3C) or prostaglandin E2 (PGE2) (Fig. 3
=D), yet no chemotaxis towards rCK12a was observed /in vitro. To test whether rCK12a has
chemorepellent activities, we added rCK12a to our positive control (ZAS) at different
concentrations. However, we did not detect any significant difference in HKLs migration
between treatments (Fig. 3E) indicating that rCK12a has no chemorepellent activity.

rCK12a stimulates proliferation of HKLs from IHNV vaccinated fish but not naive fish

In order to know if trout rCK12a is able to induce proliferation of trout immune cells, we
used CFSE to label HKLs isolated from control and IHNV vaccinated fish (14 days post-
immunization, dpi) followed by incubation with rCK12a (100 ng or 1 ug) or PBS for 7 days.
The FACS analyses showed a significant proliferation rate in HKLs from IHNV vaccinated
fish that were treated with 1 pg rCK12a, compared to the control (Fig. 3F). However, we did
not observe any proliferation in naive HKLs that were treated with rCK12a at both doses
compared to the control. Thus, the results suggest that CK12 plays a major role in cell
proliferation in the antigen-experienced leucocytes.
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Nasal delivery of rCK12a results in infiltration of MHC-II* cells into the nasal mucosa and
in enlargement of the olfactory LP in trout

Nasal vaccination of rainbow trout with live attenuated IHNV vaccine results in the
recruitment of myeloid and lymphoid cells to the local nasal environment (27). Leucocyte
recruitment is easily visualized by histological examination due to the presence of an
enlarged LP in the olfactory lamellae of vaccinated animals compared to controls (27).
Furthermore, we have shown in the past that nasal delivery of IHNV vaccine results in
MHC-11* responses in the OO of trout (29). Since /in vitro Transwell assays may not mimic
in vivo immune responses, we delivered rCK12a I.N. to rainbow trout and measured the
effects on MHC-11* cells as well as on the width of the olfactory LP. As shown in Fig. 4,
rCK12a delivery results in changes in the morphology and localization of MHC-11* cells in
trout NALT especially on day 5. Moreover, the olfactory LP of rCK12a treated fish was
expanded significantly compared to PBS controls in the tip of the lamella on day 1 (from
~70to ~110 um) and in both the tip (from ~60 to ~130 pm) and medial regions (from ~100
to ~200 um) of the LP on day 5. We observed LP expansions in rCK12a treated group at
other time points in both the apical and mid lamella regions but the increase was not
statistically significant (Fig. 4A—C). Our analyses showed that I.N. delivery of rCK12a led to
a significant (~3-fold) increase in the number of MHC-11* cells in the tip on day 1 and a
~2.5-fold increase in both the tip and medial regions of the lamella on day 5 (Fig. 4D and E).
In addition, we observed that rCK12a increased MHC-II intensity staining in OO which may
be due to stimulation of antigen presenting process (Fig. 4G). Treatment with rCK12a also
resulted in higher numbers of MHC-I1" cells in LP in all time points compared to controls,
however, the increases were not significant (Fig. 4F). These results indicate that rCK12a has
inflammatory, chemotactic properties and suggest that it can stimulate antigen presentation
in vivo.

rCK12a modulates CD8* T cell related genes in rainbow trout in vitro and in vivo

Since CK12 appeared to be critical in the local nasal anti-viral immune response of rainbow
trout, we next asked whether locally produced CK12a may modulate immune genes that
may contribute to defense against viruses in the systemic compartment. We incubated HKLs
with rCK12a /n vitrofor 6, 24 and 48 h and measured by RT-qPCR the expression change of
CD8* T cells related immune genes (Fig. 5A and B). At 6 h, CD8a., IFNy and CCR7
expression was significantly up-regulated whereas after 24 h, rCK12a resulted in an up-
regulation of CD8a expression; however, the change observed was not significant. No
significant changes were recorded at 48 h (data not shown).

Administration of rCK12a i.p. or I.N. led to a down-regulation of CD8a, granulysin, and
IFNy expression in the HK and OO 1 day post-administration (Fig. 5C-E). In contrast, on
day 5, all cell-mediated immune genes were found to be up-regulated in the HK and OO as a
result of rCK12a administration both i.p. and I.N (Fig. 5C-E). Similarly, on day 8 cell-
mediated response genes such as CD8a., granulysin and IFN-y expression levels remained
significantly higher than those observed in control OO (Fig. 5C-E).

In mammals, CCR7 is known to be the receptor for CCL19 and CCL21 (66) and a CCR7
homolog has been reported in rainbow trout (37). Our RT-qPCR data show that CCR7 was
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significantly up-regulated in the HK 1 day post-administration of rCK12a both i.p. and I.N.
However, a significant down-regulation in CCR7 expression was observed in the OO at this
time point. On days 5 and 8, CCR7 expression was significantly higher in the OO in both the
I.N. and i.p. administered groups compared to the control (Fig. 5F). Administration of
rCK12a led to increased CK12 transcript levels in the HK 5 days after I.N delivery and
decreased expression levels on day 8 (Fig. 5G). In the OO, only I.N administration resulted
in significant increases in CK12 expression on day 8 (Fig. 5G). In agreement with our
microscopy results (Fig. 4C-F), we observed a significant up-regulation in MHC-II
expression in the OO 5 days post-administration (I.N) of rCK12a (Fig. 5H) with no other
changes in any other time points or tissues. Our results indicate that presence of CK12 either
in the local nasal environment or systemically results in activation of CD8* T cell related
genes as well as CCRY7 in rainbow trout.

In vivo delivery of rCK12a increases NALT CD8a* cell numbers in rainbow trout

We showed that i.p. and I.N. delivery of rCK12a modulates CD8a* T cell related genes
especially in OO both /in vitroand in vivo. To test the number of CD8a.™ T cells in OO
changes following the administration of rCK12a, we next measured the total numbers of
CD8a* cells in the OO of rainbow trout using IF microscopy on days 1, 5 and 8 after
rCK12a delivery (i.p. or I.N.). We observed a non-significant increase in the number of
CD8a* cells on day 5 and a significant increase on day 8 (Fig. 6A and B). This increase was
due to increase numbers in the neuroepithelial compartment whereas no changes were
observed in the mucosal tip (data not shown). This result suggests that rCK12a may
stimulate local proliferation of CD8a* cells or their migration from lymphoid organs to the
nasal mucosa.

I.N. or i.p. delivery of rCK12a does not protect rainbow trout against viral challenge

In order to investigate if rCK12a is sufficient to confer protection against IHNV, we
administered rCK12a I.N. or i.p. to trout and challenged them eight days later with live
IHNV. No significant levels of protection were observed between rCK12a treated and
untreated (control) groups at the tested rCK12a dose and administration regime following
viral challenge (Fig. 7). Thus, rCK12a when delivered alone does not lead to protection
against viral pathogen.

Discussion

Chemokines are small proteins that act as extracellular messengers of the immune system (3,
67, 68). CCL19 plays many biological roles in mammals including homing of T cells and
DCs to T cell areas of lymphoid tissues, secondary lymphoid tissue organogenesis, antibody
responses, and regulatory and memory T cell function (69-71). CCL19 is also one of the
chemokines whose expression is induced by viral infection in a number of host-viral models
(13, 71) and it contributes to inflammatory responses against viruses (71-73).

It is believed that the chemokine system appeared around 650 mya (31). Chemokines are
present in both jawless and jawed vertebrates but not in invertebrates (31, 33). Chemokine
and chemokine receptor genes have undergone several gene duplications in teleosts (31),
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however, the functional consequences of this molecular diversification are largely unknown.
The goal of the present study was to investigate the functional role of CCL19-like as a
messenger between the nasal and the systemic immune compartments during antiviral
immune responses in rainbow trout.

Although previous studies had reported the presence of some CCL19-like genes in
salmonids, the present study provides an updated and comprehensive analysis of this
chemokine family using recently released genomes. Interestingly, we found an
unprecedented diversity of CCL19-like genes in salmonids, with six genes in rainbow trout
forming three major clusters (“CK12”, “CK13” and “CK10"). This finding raised the
question, are all these CCL19-like forms involved in nasal immune responses? We first
observed unique tissue distribution patterns of each CCL19-like gene, CK12 showing a more
“mucosal-like” profile than the other two. These results are consistent with previous studies
in trout were CK12 was mainly expressed in mucosal tissues (47). It is also worth
mentioning that the CK12 primers in previous studies (47) and the current study amplify
both CK12a and CK12b genes due to sequence similarities. Moreover, we observed that
only CK12 expression was significantly up-regulated in a sustained manner over a period of
7 days in the local nasal environment, supporting the idea that CK12 is specialized in nasal
mucosal immune responses against viruses. These findings are in agreement with previous
studies in trout where CK12 expression increased in response to experimental rhabdoviral
infection (49). Combined, the unique tissue distributions as well as the unique transcriptional
responses of trout CK12, CK13 and CK10 suggest specialized functions for each of these
molecules. Further studies should address the specific immune roles of CK13 and CK10 in
salmonids.

Along with the local induction of CK12 in the nasal mucosa, we had previously recorded
strong immune responses both in the nasal mucosa and in the main systemic lymphoid tissue
of teleosts (the HK) in response to nasal vaccination with IHNV vaccine especially 4 days
post-vaccination (27). These findings led us to hypothesize this CCL19-like chemokine
coordinates both local and systemic antiviral immune responses in rainbow trout.

Several studies in mammals have shown that CCL19 is chemotactic for the immune cells
that express its receptor CCR7 such as DCs (74, 75), B cells (76-78), CD4" and CD8* T
cells (77-79). Since migration rates of human cells increase with increasing CCR7 ligands
doses up to 1000 ng/ml /in vitro (80-82), we tested different concentrations of rCK12a up to
1000 ng/ml but we did not observe any chemotactic effects regardless of the concentration
tested. These results were consistent regardless of the source of cells used (HKLs, SLs or
GLs) /n vitro even when we pre-activated leucocytes were used. We have previously shown
that HK and gut CD8a* cells express CCR7 (29) indicating that the source of cells used in
our studies should not be reason why chemotaxis results were negative. Some reports have
shown the importance of PGE2 on the migratory ability of CCL19 in mammalian monocytes
(83-86). Thus, we also pre-activated HKLs with PGE2 but still failed to observe any
chemotactic effects /in vitro. Testing the bioactivity of mammalian chemokines such as
CCRY ligands /n vitro requires gradients generated by sustained release from microparticles
(81), the presence of immobilized but not soluble chemokines (87) or the use of three
dimensional collagen gel assays where soluble CCL19 gradients are formed (87, 88). Thus,
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further studies may evaluate the chemoattractive activity of trout CCL19-like molecules /n
vitro using assays other than Transwell assays. In any case, our data highlight that trout
CK12a and CK12b have distinct biological functions since CK12b has some chemotactic
ability /n vitro (47) whereas CK12a does not.

In vivo delivery of the rCK12a (1.N.) led to expansion of LP in both the apical and mid
regions of the olfactory lamella as well as infiltration of MHC-11* cells 5 days after delivery.
These results are consistent with our previous work showing significant enlargement of the
olfactory LP and infiltration of immune cells 4 days after nasal vaccination with IHNV
vaccine (27). This data indicates that trout CK12a promotes the recruitment and
extravasation of leucocytes into the nasal mucosa /n vivo.

We have previously shown that I.N. delivery of IHNV vaccine changes the morphology of
the MHC-11" cells dramatically (29). The present study revealed that delivery of rCK12a
(I.N.) increases MHC-11* expression and changes in MHC-11* cell morphology 5 days after
the delivery. In line with our findings, mammalian studies had showed that CCL19 induces
changes in morphology, activation and maturation of MHC-11* DCs in mice (71, 89).
Combined, these results suggest that trout CK12a is responsible for the activation of antigen
presentation in the nasal mucosa of rainbow trout in response to nasal viral antigen delivery.

CCL19 is known to modulate a myriad of adaptive immune responses in mammals including
memory B and T cell function (69-71). Thus, we investigated the possible role of trout
CCL19-like in the onset of secondary immune responses. We observed no increased
proliferation in naive HKLs incubated with rCK12a. However, HKLs extracted from IHNV
vaccinated fish responded to rCK12a stimulation with increasing proliferation rates. In
support, Marsland et al; 2005 (71) reported that CCL19 did not induce any proliferation to
murine naive T cells. Yet, the same study observed that CCL19 enhanced T cell proliferation
in the presence of antigens (71). Overall, our findings support the idea that CCL19-like
molecules have adopted multiple innate and adaptive immunological functions during
evolution and that these functions are largely conserved from teleosts to mammals.

CD8™ T cells play an important role in adaptive immune responses especially against viral
pathogens in vertebrates. Some reports have indicated the importance of CD8* T cell
responses at the transcript level in salmonids during IHNV infection (90-92). It is also
shown that CCL19 stimulates Th1 responses rather than Th2 responses by induction of DCs
in mice (71). We hypothesized that rCK12a plays an important role in the stimulation of
CDS8™ T cell responses. Interestingly, we observed a significant up-regulation of CD8* T
cells related genes in HKLs that were treated with rCK12a in vitro. Similarly, /n vivo
delivery of rCK12a (i.p. or I.N.) modulated CD8* T cells related genes in HK and OO
especially 5 and 8 days post-delivery. These results indicate that rCK12a is a major factor
for CD8a* T cell activation in trout. Importantly, we detected significant increases in the
total number of CD8a.* cells present in the nasal mucosa 8 days after rCK12a delivery
regardless of the route (i.p. or I.N.) suggesting that CK12a mobilizes CD8a.* cells from
systemic to nasal tissues whether produced locally or systemically. Although the effects of
CCL19 on nasal CD8 responses have not been studied in mammalian models to date, our
results are in line with previous work in mice where delivery of plasmid DNA encoding for
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CCL19 either I.N. or i.m. resulted in enhanced mucosal (vaginal) and systemic antibody
responses across isotypes (93). Similarly, although in a different mucosal site, in this case
the sublingual mucosa, the CCR7-CCL19/CCL21 pathway has been shown to regulate
efficient Ag-specific systemic and mucosal T and B cell immune responses (94).

We recently showed that NALT CD8a* cells mostly express T cell markers but not NK or
DC markers and that both nasal (but not gut) and systemic CD8a.* cells express similar
levels of CCR7 in trout (29). Thus, direct ligand-receptor interactions may have driven the
observed effects of CK12a on CD8a* cells. The increased numbers of CD8a.* cells may
have been the result of local proliferation or migration from other lymphoid sites into the
nasal mucosa. Given that nasal vaccination of trout with IHNV vaccine results in negligible
local proliferation (29), we believe that infiltration of the local olfactory epithelium is the
main contributing mechanism by which CK12a stimulates nasal CD8 cellular responses.

Teleost MALT lack organized lymphoid structures such as LNs as well as GC formation (27,
28, 95). However, we recently characterized two unique tissue microenvironments with
unique immune cell populations in the trout olfactory organ (29). Specifically, the apical
mucosal portion of the olfactory lamella harbors clusters of CD8* T cells and this region
also has the highest expression of CK12. This is particularly interesting since the CCL19/
CCRY axis appears to be vital for the homing of naive and regulatory T lymphocytes to LNs
and the strategic positioning of these cells within LNs (66, 70, 96, 97). Thus, in the absence
of these organized lymphoid structures in teleosts, CCL19-like chemokines may still have
evolved a role in the strategic positioning of T cells within mucosal lymphoid tissues.

Since rCK12a was able to recapitulate some of the main characteristic immune responses
elicited by entire nasal vaccine formulations, we hypothesized that delivery of rCK12a in the
absence of antigen may lead to protection against IHNV in naive rainbow trout. Fish were
challenged 8 days after rCK12a administration since we had observed significant increases
in CD8™ T cell numbers in NALT following rCK12a delivery at this time point. However, we
were not able to observe any protection against live viral challenge following administration
of rCK12a (i.p./1.N.). One explanation may be that the dose we used was too low to afford
protection. In this regard, murine studies have shown no adjuvant effects of CCL19 when
delivered at 50 pg/mouse but immunostimulatory effects when delivered at a dose of 100 pg/
mouse (93). Our results may also be interpreted as follows: the high levels of protection
against IHNV following I.N. IHNV vaccination require triggering a combination of immune
factors and cells beyond CCL19 responses. Alternatively, rCK12a delivery may not result in
sustained enough immune responses. Nasal vaccination with IHNV vaccine results in
presence of the antigen for 4 days in the local environment (98). Thus, a single delivery of
rCK12a may not have achieved the levels of this chemokine required for protection on the
day of the challenge. In addition, the half-life of the recombinant protein may require
multiple administrations of rCK12a in order to confer protection. Finally, since we did not
co-administered rCK12a with a vaccine, our results may simply indicate that rCK12a alone
did not stimulate specific immune responses in naive rainbow trout. In other words, the
increased CD8™ cell numbers we observed in the nasal mucosa are not protective unless
those lymphocytes are antigen specific. Future studies should address whether co-delivery of
rCK12a with a vaccine enhances vaccine efficacy and/or protection.
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In summary, the present study demonstrates that the diversification of CCL19-like genes in
salmonids resulted in the acquisition of one CCL19-like molecule, CK12, that plays a
cardinal role in antiviral immune responses following nasal immunization. The ability of
CCL19 to not only regulate local mucosal immune responses against viruses but also
systemic ones underscores the biological role of chemokines as messengers between nasal
and systemic lymphoid tissues of vertebrates. The presence of this CCL19-like driven
immune mechanism in teleost fish suggests that this chemokine has evolutionary conserved
roles in vertebrate immune systems.
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Figurel.

Salmonids possess six CCL19-like genes. (A) Multiple sequence alignment (performed with
CLUSTALW http://align.genome.jp/) of Trout CCL19-like isoforms with the conserved
DCCL motif boxed in bold. (B) Phylogenetic tree showing the evolutionary relationship of
CCL19-like genes among fish and other vertebrates. Tree was constructed using the
Neighbor-Joining method in MEGA 7. The tree was bootstrapped 1000 times, and only
values over 50% are shown. Accession humbers used to construct the tree were obtained
from https://www.ncbi.nIm.nih.gov: trout CK1 (AF093802); trout CK2 (AF418561); trout
CK4a (CA371157); trout CK4b (CA352593); trout CK5a (CA383670); trout CK5b
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(CA374135); trout CK6 (CA355962); trout CK7a (CA343117); trout CK7b (CA346976);
trout CK8a (CB494647);trout CK8b (CA353159); trout CK9 (CA378686); trout CK12a
(KF683302.1); trout CK12b (CA346383.1); trout CK13a (DV196492.3); trout CK13b
(C0471983.1); CK10a (CA361535.1); trout CK10b (DV194065); trout CCL21
(CDQ86623.1 (unnamed product)); salmon CK12a (XM_014143452.1, named Salmo salar
C-C motif chemokine 4-like (LOC106570886); salmon CK12b (XP014028076.1; named
SsCCLA4I12); salmon CK13a (BT125229.1); salmon CK13b (XP013984336.1); salmon
CK10a (AC169602.1); salmon CK10b (XM_014172597.1, named Salmo salar C-C motif
chemokine 19-like (LOC106585878)); Salmon CCL21 (NP001134739.1); zebrafish
CCL19b_F1QHUZ2; zebrafish CCL19a.2_B3DHAG; zebrafish CCL19a.1_A2BIR2; channel
catfish chemokine SCYA106 (ABA54953.1); elephant shark CCL19.a (XP_007910129.1);
Elephant shark CCL19.b (XP_007910128.1); stripped murrel CCL19 (AGN52674.1);
human CCL1 (P22362); human CCL2 (P13500); human CCL3 (P10147); human CCL4
(P13236); human CCL5 (P13501); human CCL7 (P80098); human CCL8 (P80075); human
CCL11 (P51671); human CCL13 (Q99616); human CCL14 (Q16627); human CCL15
(Q16663); human CCL16 (015467); human CCL17 (Q92583); human CCL18 (P55774);
human CCL19 (Q99731); human CCL19.2 (Q5VZ75) human CCL21 (Q6ICR7); mouse
CCL19.1 (Q548P0); mouse CCL19.2 (AOAON4SUZ8); mouse CCL21a (NP_035254.1);
chicken CCL19 (R4GM50). (C) Genomic configuration of CCL19-like genes in the Atlantic
salmon genome (top) and rainbow trout genome (bottom). Salmon CCL19-like genes are
represented with green arrows and they are located in 4 chromosomes: ssa01 for CK13a,
ssall for CK13b, ssal5 for CK12a and ssa24 for CK12b and CK10. Asterisk on CK13b,
highlight the presence of 3 different variants. We were not able to locate the chromosome
containing salmon CCL19c-like. In the lower part of the figure, trout CCL19-like genes are
represented within several scaffolds (in black); while the missing part of the sequences
appear in white.
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Figure 2.

CI%lZa is highly expressed in mucosal tissues and is up-regulated following nasal IHNV
vaccination. Tissue distribution of major isoforms of CCL19-like (CK12, CK13 and CK10)
in different tissues of control trout and following IHNV vaccination was measured by RT-
gPCR. Constitutive expression of CK12 (A) CK13 (B) CK10 (C) in seven different trout
tissues. Expression levels were normalized to the expression in the brain. (D) Gene
expression levels of CK12, CK13 and CK10 were measured in the olfactory organ of
rainbow trout 1 day, 4 days and 7 days following I.N. IHNV vaccination (2*107 PFU). Gene
expression levels were normalized to the housekeeping gene EF-1a and are expressed as the
fold change compared with the expression levels in mock-vaccinated controls using the
Pfaffl method. Results are representative of two different experiments (n = 6). *p< 0.05.
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Figure 3.
rCK12a is not chemotactic /in vitro but stimulates proliferation of HKLs from IHNV

vaccinated fish. Chemotaxis assays were carried out in Transwell plates and migrated cells
were measured by FACS. Chemotactic activity of rCK12a on naive HKL cells (A) SLs (B)
HK cells from IHNV vaccinated fish (C) Prostaglandin E2 (PGE2) treated HK cells (D) are
shown. (E) Chemorepellent activity of rCK12a on naive HKL cells was shown. Positive
controls consisted of cells migrated towards zymosan (ZAS) activated trout serum. HKLs
cells from control or IHNV I.N. vaccinated fish (N=5) were labeled with CFSE and treated
with rCK12a then proliferation was measured by FACS. (F) Increased proliferation (%) of
HKLs from naive and IHNV vaccinated fish incubated with or without rCK12a is shown
(comparisons were carried out in cells from the same individual). Transwell experiments
were conducted three independent times with N=3. Proliferation experiments were
conducted twice with N=5. *p < 0.05.
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Figure 4.
In vivonasal delivery of rCK12a (I.N.) results in enlargement of trout olfactory organ lamina

propria (LP). Trout were delivered rCK12a (3ug/fish) intranasally (I1.N.) and the olfactory
organs were sampled 1, 5 and 8 days later and cryosections obtained. (A) and (B) The width
of LP at the tip (100 um away from the lamellar tip) and medial (250 pm away from the
lamellar tip) regions of the olfactory lamella were measured by image analysis of ten
individual lamellae from three different fish per treatment. The mean distance * SE is
shown. (C) Immunofluorescence staining of control (left) and rCK12a treated (I.N.) rainbow
trout olfactory organ stained with anti-trout MHC-I1 antibody (red) showing our image
analysis strategy and the enlargement in the apical and medial regions of the LP in the
rCK12a treated fish (right). For (C) and (G), cell nuclei were stained with DAPI DNA stain
(blue). Results are representative of two different experiments (n = 3). Scale bars: 50 um.
(D), (E) and (F) Quantification of the number of MHC-11* cells present in the tip, lateral and
LP regions of control and rCK12a treated (I.N.) rainbow trout olfactory organ (n = 3). *p <
0.05 and **p < 0.01. (G) Magnified view of an immunofluorescence staining of control
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(left) and rCK12a treated (right) rainbow trout olfactory organ labeled with anti-trout MHC-
Il antibody (red) showing higher expression of MHC-I1 in the rCK12a treated fish (right)
compared to control (left). LP: lamina propria; L: Lumen. Scale bars: 10 um.
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rCK12a modulates CD8* T cell related genes in rainbow trout /n vitro and /n vivo. Control
rainbow trout HKLs were cultured in the presence of rCK12a for 6 or 24 h and expression of
immune genes was measured by RT-gPCR. (A) and (B) Gene expression levels of CD8a,
CD8p, granulysin, IFN-y, IL7-R, chemokine receptor CCR7, MHC-Il and CXCR3 are

shown. Gene expression levels were normalized to the housekeeping gene EF-1a and

expressed as the fold change compared with the untreated HKLs expression levels using the
Pfaffl method. Results are representative of three different experiments (n=5). *p<0.05,
**p<0.01. For /n vivo experiments, 3 pug of rCK12a were delivered I.N. or i.p. in rainbow
trout (n = 5) and olfactory organ (OO) and head kidney (HK) were sampled 1, 5 and 8 days
later. Gene expression levels of CD8a (C), granulysin (D), IFN-y (E), chemokine receptor

CCRY7 (F), CK12 (G) and MHC-II (H) are shown. Results are representative of four

different experiments. *p<0.05, **p<0.01 compared with the HK.
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Figure6.
In vivo delivery of rCK12a increases NALT CD8a* T cell numbers in rainbow trout.

rCK12a was delivered I.N. or i.p. (n = 5) and the olfactory organ (OO) was sampled 1, 5 and
8 days later. Control fish received the same volume of PBS I.N. and i.p. (A) Quantification
of the number of CD8a* T cells present in neuroepithelial region of the olfactory organ of
control and rCK12a treated (I.N. or i.p.) rainbow trout (n = 3). *p < 0.05 and **p < 0.01. (B)
Representative immunofluorescence staining of control (left) and rCK12a treated (right)
rainbow trout olfactory organ labeled with anti-trout CD8a (green) monoclonal antibody
showing higher number of CD8a.* cells in the rCK12a treated fish (right) compared to
control (left). DAPI was used to stain cell nuclei (blue). Scale bars: 10 um.
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Figure 7.

I.N. or i.p. delivery of rCK12a does not protect rainbow trout against viral challenge with
IHNV. Kaplan-Meier curves showing the percent survival of rainbow trout 28 days after
challenge with virulent IHNV. Eight days after rCK12a treatment, trout were challenged
with virulent IHNV by injection. A total of 25 fish per tank in duplicate tanks were used for
the challenge experiment. Controls consisted of mock-vaccinated fish (received PBS I.N.
and i.p.) and an unchallenged group.
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Table 1
Oligonucleotides used in this study.

Gene Primer name | Primer sequence (5" —3") Application

EF-la EF-laF CAACGATATCCGTCGTGGCA gPCR
EF-1aR ACAGCGAAACGACCAAGAGG

CK12 CK12 F CTCTGAGGTACCCGTGGATTGC gPCR
CK12R CCTTAGGGACTATTGTTCTTCAGC

CK13 CK13F CGACCGATACCAAGCTTCCC gPCR
CK13R CCTTATGCGATTTCCTCTTCAG

CK10 CK10F GGCCAGATGGTGATGGACTGTG gPCR
CK10R GGTAGTGAAGACCACAGCGCTG

CD8a CD8a F ATGAAAATGGTCCAAAAGTGGATGC gPCR
CD8a R GGTTAGAAAAGTCTGTTGTTGGCTATAGG

CD8p CD8B F CAACGGTGTGCTTGTGGAAAAC gPCR
CD8B R ACACTTTTTGGGTAGTCGGCTGAA

Granulysin Granulysin F GCCTACTGGCTTGTTCAGTTTGG gPCR
Granulysin R TGGTCCTCACGTCATCACTGG

IFNy IFNy F GCTGTTCAACGGAAAACCTGTTT gPCR
IFNyY R TCACTGTCCTCAAACGTG

CCR7 CCR7F TTCACTGATTACCCCACAGACAATA gPCR
CCR7R AAGCAGATGAGGGAGTAAAAGGTG

MHC |1 MHC Il F CATATTCTCTGGAACAGATGGATA gPCR
MHC II R GCTCAACTGTCTTGTCCAGTATGGCGC

CXCR3 CXCR3 F GGACATCGCCTTTAGACAGGTG gPCR
CXCR3R GTAGCAGTAGAGCATGACCAGC

IL-7R IL-7TR F GTGGAGAAGAATTGGTTGAC gPCR
IL-7R R CCTCCATTTCATCATCGGTGTC

CK12 probe | 5" — 3’ GGTACCCGTGGATTGCTGTCTCCTCACCA--CTGAGACACGTTTCCCT | FISH
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