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Transcriptional Characterization of the T Cell Population
within the Salmonid Interbranchial Lymphoid Tissue

Ida Bergva Aas,* Lars Austbg,* Melanie Kiinig,""1 Mohasina Syed,* Knut Falk,Jr
Ivar Hordvik,’ and Erling O. Koppang*

Previously, our group has shown that the interbranchial lymphoid tissue (ILT) is a distinct structure largely consisting of T cells
embedded in a meshwork of epithelial cells, with no direct resemblance to previously described lymphoid tissues. In this study, we
aim to focus on the T cell population and the possibility of the ILT being a thymus analog. By characterizing structural respon-
siveness to Ag challenge, the presence of recombination activating genes, and different T cell-related transcripts, we attempt to
further approach the immunological function of the ILT in salmonid gills. In addition to eight healthy individuals, a group of eight
infectious salmon anemia virus—challenged fish were included to observe T cell responses related to infection. The results showed
reduced size of ILT in the infected group, no expression of RAG-1 and -2, and a high degree of T cell diversity within the ILT.
Taking into account that the ILT can be regarded as a strategically located T cell reservoir and possibly an evolutionary
forerunner of mammalian MALTSs right at the border to the external environment, the alteration in transcription observed

may likely represent a shift in the T cell population to optimize local gill defense mechanisms. The Journal of Immunology,

2014, 193: 3463-3469.

he gills of fish face a challenging task, combining respi-

ratory function with an exposed position with respect to

the external milieu. The mucosal immune system in gills
has been addressed in several studies, but only recently a macro-
scopically detectable lymphoid structure was described, high-
lighting the significance of gills as a mucosal immune tissue (1, 2).
The structure has been named the “interbranchial lymphoid tis-
sue” (ILT) and is located at the terminal portion of the inter-
branchial gill septa of salmonids (2). It contains predominantly
T cells embedded in a meshwork of epithelial cells interconnected
by desmosomes (1). Previous investigations have also revealed the
presence of MHC class II* cells and some scattered Ig* cells. The
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tissue is separated from underlying structures by a prominent basal
membrane. Devoid of vessels, it shows no clear resemblance to
previously described lymphoid tissues in any species (1-3). The
ILT has not yet been designated into the group of primary or
secondary lymphoid organs, although transcriptional responses
following infection have been observed (4).

Seeing that the thymus and the ILT develop from the same area, it
is highly plausible that they share joint functions. The identification
of thymus-like lymphoepithelial structures termed thymoids, lo-
cated in gill tips and secondary lamellae of lamprey larvae (5) has
further sparked interest into exciting investigations of lymphoid
organizations in gills of teleosts (6).

In teleosts, the primary lymphoid organs are represented by the
thymus and the head kidney, where the latter together with the
spleen also serves as a secondary lymphoid organ. The thymus is
located in the dorsolateral part of the gill chamber and originates
from the second to fourth of the pharyngeal pouches (7). Inter-
estingly, the corresponding region also gives rise to the Wal-
deyer’s ring of secondary lymphoid structures as found in humans
(8). The thymus’ main responsibility is T cell maturation, facili-
tated by a three-dimensional meshwork of epithelial cells creating
a lattice-like structure in which immature T cells traffic during the
course of their development. A well-founded requirement of pri-
mary lymphoid organs is the expression of RAG-1 and RAG-2
genes, and their presence has been used to define tissues respon-
sible for generation of lymphocytes in several teleost species (9—
12). Immature T cells are subjected to a RAG-dependent recom-
bination of the TCR genes in the thymus’ cortex and face both
positive and negative selection through extensive interaction with
epithelial cells (13). Apoptosis, or programmed cell death, plays
a crucial role in the strict intrathymic selection of unsuitable T cell
candidates (7), and as a consequence, there is considerable apo-
ptotic activity in the thymus (14).

In mammals, an important functional difference between pri-
mary and secondary lymphoid organs is their structural respon-
siveness to antigenic stimuli. Primary lymphoid organs such as
thymus and bone marrow, which are concerned with development
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of lymphocyte effector cells, remain structurally irresponsive when
exposed to Ags. In contrast, secondary lymphoid organs involved in
maintenance of immune homeostasis and immunoregulation (15)
have the capacity to alter their structure to regulate local immune
responses. The thymus has a high level of apoptosis because of
intrathymic T cell selection. The investigation of structural re-
sponsiveness to antigenic stimuli as well as level of apoptosis in
the ILT has not been investigated previously. Taken together with
the investigation of RAG expression in the ILT, we aim to further
characterize the ILT on a functional level to be able to classify it as
a primary or secondary lymphoid organ. In addition, the types of
T cells present in the ILT were characterized, and the response in
control versus infectious salmon anemia virus (ISAV)—challenged
fish was measured.

Compared with mammals, characterization of the T cell pop-
ulation in fish has been hampered by limited number of available
markers. Not being able to obtain the appropriate array of T cell-
related markers, gene expression studies constitute a valuable tool
to further elucidate the nature of these cells.

Materials and Methods

Animals and infection protocol

Unvaccinated pre-smolt Atlantic salmon (Salmo salar) of Sunndalsgra
breed, reared at Nofima, Sunndalsgra, was used for the experiment. The
fish hatched in spring 2009 and had an average weight of 574 * 81 g when
sampled. All fish were acclimatized for several weeks and fed until the
start of the experiment. No signs of disease were observed prior to ISAV
challenge. The uninfected control group and challenged fish were kept in
two separate freshwater tanks of 200 1. The water temperature throughout
the experiment was 8 = 1°C. The challenged group was experimentally
infected with the ISAV strain Glesvaer by immersion in 50 1 freshwater at
7°C with virus at a final concentration of 2 X 10* TCIDsq ml~! for 2.5 h,
and subsequently transferred to a new tank (4).

Prior to sampling, fish were anesthetized with 100 mg/ml Finquel
MS-222 (Tricain Methanesulfonate). Legal and ethical national require-
ments and code of practice were implemented in the animal experiments.
The experiment was approved by FOTS (Forsgksdyrutvalgets tilsyns-
og spknadssystem) and conducted in the confined and controlled isola-
tion facilities of the Faculty of Veterinary Medicine and Biosciences,
Norwegian University of Life Sciences.

Sampling

The first sampling was performed 9 d postinfection (p.i.) and included six
fish from the infected group and four fish from the control group. The second
sampling was performed at 27-33 d p.i. and included eight individuals
from the infected group and four from the control group. During the
sampling procedure, macroscopic examination was performed, and path-
ological manifestations were registered. Samples were conserved in
RNAlater and were collected from the second segment of midintestine
(16), hereafter referred to as intestine, midkidney, and gills. In addition,
gill samples designated for laser-capture microdissection were snap-frozen
in liquid nitrogen for subsequent cryosectioning.

Size measurement of the ILT

Hematoxylin-stained sections from the control group (n = 8) and infected
group (n = 8) were examined using the area estimation of the SLuwCut
microdissection system (Molecular Machines and Industries, Glattburg,
Switzerland). In addition to the infected group sampled at 27-33 d p.i.,
sections from the infected fish sampled at day 9 p.i. (n = 6) were included
to address the impact of time lapse during infection. Sections from the
different groups were randomized to make the measurement unbiased. The
size of the ILT was measured by outlining the boundaries of the ILT, ex-
cluding the prolongation of the ILT extending upward along the primary
lamellae and the epithelial capsule-like layer containing goblet cells.
Correlation between area and weight was measured by Pearson’s corre-
lation coefficient.

Apoptosis detection by TUNEL

TUNEL staining was performed by using the ApopTag Plus Peroxidase In
Situ Apoptosis Detection Kit (Chemicon, Temecula, CA), according to the
instructions of the producer, minor adjustments are described. Sections from

T CELL POPULATION WITHIN THE SALMONID ILT

all individuals of the control and challenged group (days 27-33) were
included. Paraffin sections of 3 wm were cut and mounted on positively
charged glass slides (Superfrost plus; Menzel, Braunschweig, Germany)
and incubated at 37°C for at least 24 h. Before xylene treatment, tissue
sections were incubated at 58°C for 30 min to prevent loosening of tissue
sections from glass slides. During color development, the working strength
peroxidase substrate was applied and incubated for 3 min at room tem-
perature. Sections were not counterstained. Negative controls (TdT was
replaced by equilibration buffer), and positive control slides (provided with
the kit) including sections from salmon thymus were included as additional
positive controls. Slides were evaluated by light microscopy. Positive
staining and morphological signs of apoptosis identified apoptotic cells.

RNA extraction and preparation of cDNA

RNA from whole tissue kept in RNAlater (Qiagen, Hilden, Germany) was
isolated using the RNA I kit (Qiagen) following the manufacturers’ manual
including an integrated DNase step. Concentrations and purity were
measured spectrophotometrically with a Biospec-Nano (Shimadzu, Kyoto,
Japan) and gel electrophoresis was performed to exclude degradation of
RNA. The cDNA synthesis was performed immediately after extraction
using Promega Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, WI).

For RNA sampling from laser-captured tissue, transversal cryosections of
the gill primary lamellae, 10 wm in thickness, were cut using a cryostat
(Leitz Cryostat 1720; Leitz, Wetzlar, Germany) and mounted on special
membrane slides (Molecular Machines and Industries, Zurich-Glattburg,
Switzerland). The sections were air-dried for 1 h at room temperature and
stained with RNase-free hematoxylin stain and air dried for 30 min. Slides
were kept in an exsiccation chamber until laser capture microdissection.
The ILTs were dissected, excluding the epithelial capsule-like layer
(Fig. 1A, 1B). To ensure that the material was representative and sufficient,
several ILTs from parallel sections were microdissected to obtain an area
corresponding to 1-2 X 10° wm? or ~7-10 parallel ILTs from each fish
and collected in separate tubes (Molecular Machines and Industries).

RNA from laser-captured tissue was isolated using the NucleoSpin RNA
XS (Macherey and Nagel, Duren, Germany) following the manufacturer’s
manual including an integrated DNase step. The RNA was eluted in 15 pl
RNase free H,O and directly used for cDNA synthesis.

As expected, RNA yield from laser-dissected ILT was too low to measure
quantitatively; this cDNA was prepared using the total RNA eluate and
Moloney murine leukemia virus reverse transcriptase (Promega). The
cDNA synthesis was prepared with oligo(dT) and random hexamer primers
and RNase to prevent any RNA degradation.

Quantitative real-time PCR

Real-time quantitative PCR (qPCR) was performed using TagMan Gene
Expression Master Mix (Applied Biosystems, Foster City, CA) and carried
out in a 7900HT fast real-time PCR system (Applied Biosystems). Primers
and probes were designed to span intron sections. To exclude any sequence
polymorphism that could interfere with binding of primers and probe, all
available salmonid sequences (annotated, expressed sequence tags, salmon
genome, and RNAseqs) were taken into account. The primer and probe
sequences for EF1Ag, CD3({, TCRa, TCRS, CD4-1, CD4-2a, CD4-2b,
CD8a, CD8B, MHC class I (MHC 1), MHC II, RAG-1, and RAG-2
transcripts are listed in Table I. The expression level was measured with
relative quantification using elongation factor 1A EF1Ag (17, 18) as
a reference gene, and gene expression was calculated from cycle threshold
(Ct) values using the AACt method (19). Real-time qPCR was carried out

A

FIGURE 1. Laser-capture microdissection of ILT. Micrographs of
a cryosection before (A) and after (B) laser-capture microdissection of ILT.
Hematoxylin counterstain. Scale bar, 50 pwm.
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Gene Gene Sequence (5'—3")

GenBank Accession No.

EF1Ag* F-TGCCCCTCCAGGATGTCTAC

R-CACGGCCCACAGGTACTG

BG933853

P-FAM-AAATCGGCGGTATTGG-MGB

CD3¢

F-AACAGGGATCCAGAGAGTGCTG
R-AAGGGACGTGTAAGTGTCGTCA

BT060238.1

P-FAM-ACGGCACGCGATAATCGCAGGA-BHQ

TCRa
R-ATCAGCACGTTGAAAACGAT

F-AACTGGTATTTTGACACAGATGC

AY552002

P-FAM-ACCATTCTGGGCCTGAGAATTCTGT-BHQ

TCRS F-AGCGTTGTGAGATGGATGGC

EF467299

R-GCAGTTGTAGCCGTGGTGTTATAG
P-FAM-AGCCGCCCGTTGATGATAAAGATGATTC-BHQ

CD4-2a F-GCCCCTGAAGTCCAACGAC

R-AGGCTTCTCTCACTGCGTCC

EU409792 EU409793

P-FAM-CCGCACACTAGAGGGTCCACCACG-BHQ

CD4-2b F-TACTGCCAGTGTAACCGCAC

R-GTGTCGTCGATCAAGGATGT

CA060137

P-ACAGCGCTGATGGAGCGGAGTATTA-BHQ

CD4-1 F-TCTGCCGCTGCAAAGACC

R-GCCAAGACGAAATAGTAGAGACA

EU409794

P-ATCATACAGACCGGAATCCCTGTCA-BHQ

CD8a F-ACTTGCTGGGCCAGCC

R-CACGACTTGGCAGTTGTAGA

NM_001123583

P-CGACAACAACAACCACCACG-BHQ

CD8B F-TTCTTCTCAGACCCGGAGAA

r-ATCGTTCCTTTTGGTGCAG

AY 693394

p-CAACATTAACCCCTGTCACGAAGC-BHQ

MHC I

F-GGAAGAGCACTCTGATGAGGACAG
R-CACCATGACTCCACTGGGGTAG

IN561337

P-TCAGTGTCTCTGCTCCAGAAGACCCCCT-BHQ

MHC I F-CCACCTGGAGTACACACCCAG

R-TTCCTCTCAGCCTCAGGCAG

X70165

P-FAM-TCCTGCATGGTGGAGCACATCAGC-BHQ

RAG-1 F-GAGGCCATGATGCAAGGC

R-CTTGACGGTGCGGTACATCT

NM_001124737

P-FAM-ATCCTGCTGTGTGTCTGGCCATC-BHQ

RAG-2
R-TTCACTGCAGTCAGTGGTTG

F-GTTCTTCGAGACGTTCAAACAG

DY697789 U25146

P-FAM-ACGTTAGCTACTTGAGCAGGAGCCAC-BHQ

Gene assays used for quantitative real-time RT-PCR with relevant accession numbers (National Center for Biotechnology Information
database; http://www.ncbi.nlm.nih.gov/). Primers and probes are designed to span intron sections. Asterisk (*) indicates assays designed by

others, EF1Ag (17).

in 13 pl reactions with the following uniform temperature profile: 10 min
at 95°C, 40 cycles of 15 s at 95°C, 15 s at 58°C, and 60 s at 60°C (45 cycles
for the laser-dissected samples). Template or cDNA corresponding to 15 ng
RNA were added in each reaction. To compensate for lower template
concentration, the laser-dissected cDNA samples were diluted 5 times
instead of 10. Each quantification target was amplified in triplicate samples
(whole tissue) or duplicate samples (laser-dissected tissue) with additional
negative controls, lacking the template, for each master mix. The data were
analyzed using Sequence Detection Systems Software version 2.3 (Applied
Biosystems). Statistical differences in gene expression in control and
infected tissue samples were evaluated using the nonpaired # test. Differ-
ences in expression between the control and challenged group were con-
sidered to be significant with p values < 0.05 (a = 0.05). In addition,
Bonferroni correction was performed to account for multiple tests, using
the formula a/number of tests performed. All analyses were performed
using GraphPad Prism version 6 for Windows (GraphPad Software, San
Diego, CA; http://www.graphpad.com).

Results

Gross pathology/infection status

The first sampling was performed at day 9 p.i. The second sampling
was conducted at days 27-33 p.i., when the fish were in a terminal
stage of disease, confirmed by mortality starting at day 33 p.i.
Pathological examinations at the last sampling revealed classical
findings including swollen liver and spleen, which also were dark
and enlarged. Petechial bleedings in the eyes, fins, and peritoneal
organs were recorded in addition to ascites and anemia.

Total ISAV was measured using real-time qPCR and a TagMan
assay designed against ISAV segment 8 for diagnostic purposes
(20). Increasing levels of virus in midkidney and gill of infected
fish sampled on day 9 and onward confirmed the bath challenge to
be successful. The transcriptional response of innate immune
genes and ISAV were comparable to that observed by Austbg et al.
(4) and were observed in all individuals (data not shown). Their
upregulation indicates a strong systemic response, in line with the
increased virus levels that were measured in all the individuals
investigated.

Size of the ILT

A 20% (19.92) decrease in size of the ILT compared with the
control group was observed at the first sampling performed 9 d p.i.,
and a 34% (34.15) decrease at the second sampling performed at
27-33 d p.i. To exclude the possibility that the size of the fish
would affect these measurements, we confirmed that there was no
significant correlation between size of the ILT and the weight of
the fish (Supplemental Table I) (r = 0.23, p = 0.30).

Apoptosis in the ILT

A negligible number of apoptotic cells were identified within the
ILT, and there were no significant difference between the number of
apoptotic cells within the ILT in the control fish (Fig. 2A) compared
with infected individuals (Fig. 2B). Positive controls provided
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with the kit were confirmed, and apoptotic cells were identified in
salmon thymus sections (Fig. 2C).

Presence of RAG-1 and RAG-2 transcripts

RAG-1 and RAG-2 transcripts (Fig. 3) were investigated in ILT,
gill, intestine, and midkidney from the control and challenged
group in addition to thymic tissue from the control group as a
positive control. Transcripts corresponding to RAG-1 and RAG-2
were found in the thymus and midkidney. In the gills, RAG-1
transcripts were present in 12 of 16 fish examined, whereas
transcripts corresponding to RAG- 2 were present in all 16 fish. In
intestine, only transcripts corresponding to RAG-2 were present.
Transcripts corresponding to RAG-1 and RAG-2 were absent in
the ILT.

Transcription of T cell-related markers

Real-time qPCR analysis was performed on laser-dissected ILT in
addition to samples from gill, midkidney and intestine from eight
control individuals and eight from the challenged group sampled on
days 27-33 p.i.

The real-time qPCR showed a relatively low variance between
the triplicates and within the groups. For the laser-dissected ILT
samples, the expected RNA yield is too low to measure quanti-
tatively. To ensure the presence of sufficient template in the laser-
dissected samples, a Ct threshold of 28 was set for the reference
gene EF1Ag. Samples exceeding this Ct were harvested and iso-
lated again so that all analyzed samples were below this threshold.
To ensure that laser capture microdissection did not interfere with
transcript integrity, test samples from gills (one infected and one
uninfected) were harvested using laser capture microdissection
and run on all TagMan assays. The results showed minimal dif-
ferences between whole gill sampled by laser capture microdis-
section and from tissue embedded in RNAlater.

The expression level in the healthy population showed that all
T cell-related transcripts investigated were present in all organs
examined (Fig. 4). A majority of the transcripts investigated were
expressed highest in the ILT, except, for example, MHC I and
MHC 11, which were most prominent in the mucosal tissues, gills,
and intestine. Individual transcript levels for the T cell-related
markers including significant alterations in transcript levels are
presented in Fig. 5, which also shows significance after applica-
tion of Bonferroni correction. All mean Ct values = SEM are
given in Supplemental Table II.

In the control group, the pan T cell marker CD3 showed a 1.7-
fold higher transcript level in the ILT compared with control gills
(Fig. 5). The lowest level was found in intestine (0.3-fold). An
increased level of CD3{ transcripts was observed in ILT of the
infected population. In the gill, the transcript level remained rel-
atively stable, whereas in intestine and midkidney, the increase
was significant.

A
;1 Ry
v
FIGURE 2. Apoptosis detection by TUNEL. Negli- \1‘ I\

gible number of apoptotic cells detected in ILT from L e
control (A) and infected fish (B), compared with i
salmon thymus (C) as a positive control. Apoptotic

cells stain brown. No counterstain. Arrow, basal mem-

brane of ILT; arrowhead, surface of ILT; L, branchial

chamber. Scale bar, 10 wm.

T CELL POPULATION WITHIN THE SALMONID ILT

Relative to EF1Ag, TCRa and TCRS transcript level was the
highest in ILT compared with the other tissues examined. A signifi-
cant decrease of TCRa transcript level but not for TCR3 was ob-
served in the ILT of the infected population. The TCRa/d ratios
(Supplemental Table III) in the control and infected group displayed
differences between the tissues. Following infection, the ratio de-
creased in the ILT (control: 7.7, infected 4.2) and midkidney (control:
8.4, infected: 6.6), increased in the gill (control: 9.2, infected: 12), and
remained stable in the intestine (control: 27.4, infected: 27.8).

Independent of group and tissue, the transcript level of CD4-2a
was the highest compared with CD4-2b and CD4-1. Relative to
EF1Ag, the CD4-2a and CD4-2b transcript level was highest in
the ILT and for all CD4 transcripts lowest in intestine of the
control group. In the gills, intestine, and midkidney, a significant
increase of CD4-2a transcripts was observed in the challenged
fish.

CD8a/p transcripts were present in the ILT, gill, intestine, and
midkidney. Relative to EF1Ag, the transcript level of CD8« and
CD8R in the healthy population was higher in the ILT compared
with the other tissues and remained nearly unaffected in the
infected group. The CD8a/@ ratio showed significant differences
between the tissues (Supplemental Table IIT). The highest CD8a/[3
ratio was found in the ILT (control = 1.0, infected = 1.1), and the
ratios remain relatively stable in the infected population.

The transcript level of MHC I in the control group was highest in
gill (Ct = 16.9 = 0.5) and intestine (Ct = 17.7 = 0.6), markedly
lower in the ILT (Ct = 24.8 = 3) and midkidney (Ct = 21 * 1.2).
In the infected group, an increase in MHC I transcripts was ob-
served across all tissues, with significant changes observed in gill,
intestine, and midkidney.

The MHC II transcript level was highest in gill (Ct = 18.7 = 0.4)
and intestine (Ct = 20.7 * 0.9) compared with ILT (Ct =26.2 * 3.5)
and midkidney (Ct = 23.5 * 1.3) in the healthy individuals. No
response was detected in the infected population.

Discussion

From previous studies using immunohistochemistry (IHC), it has
been stated that the ILT is a defined tissue predominantly consisting
of CD3* T cells embedded in a lattice-like system of epithelial
cells. The only other known tissue having such an organization of
T cells and epithelial cells is the thymus. Therefore, and together
with the fact that these two tissues are located in close proximity
to each other and develop from the same area, it is likely to
presume that the ILT could have evolved from or possess analog
functions to the thymus. In this study, we aimed at uncovering the
function of the ILT by using different approaches. By investigating
the ILTs structural responsiveness to antigenic stimuli, the level of
apoptosis as well as expression of RAG genes, we were able to
further elucidate functional aspects of the ILT that would help us
in further characterizing it as a primary or secondary lymphoid
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RAG-I/Il expression in control tissues
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FIGURE 3. Detection of RAG-1 and RAG-2 transcripts in thymus, la-
ser-dissected ILT, gill, intestine, and midkidney. RAG-1 and RAG-2
transcripts quantified by real-time qPCR in control (n = 8) salmon. The
individual transcript level for each fish is displayed with mean (= SEM)
set to 100. Transcript levels are normalized with EF1Ag and displayed
relative to the mean of thymus control (n = 3).

organ. In addition, we have characterized the T cell population
present, and its response in infected fish.

An interesting observation in the ISAV-infected fish was a de-
crease in size of the ILT compared with the healthy fish.

Succeeding randomized investigations of ILT’s size in two
infected groups at different time points (days 9 and 27-33 p.i.)
confirmed the decrease to be significant. To exclude the possibility
of apoptosis being the cause of size reduction, TUNEL staining
was performed and revealed that the number of apoptotic cells
within the ILT was not significantly different in the control and
infected population. In sharp contrast, considerable apoptotic
activity was found in the thymus. Whether the decrease in size is
a consequence of T cell migration from the ILT to other locations
exposed to Ags or shrinkage of the organ due to infection remains
unknown, but future studies will be designed to focus on these
questions.

In mammals, it has been shown that in the primary lymphoid
organs (thymus and bone marrow), the RAG-dependent V(D)J
recombination of T and BCR genes takes place, and are therefore
considered as a developmental marker of primary lymphoid organs
(9). In our study, transcripts corresponding to RAG-1 and RAG-2
were confirmed in the thymus. However, in the ILT, transcripts of
both RAG variants were absent in the control and infected group,
ruling out the possibility of the ILT being a true equivalent to the
thymus. Taking into consideration the additional genome dupli-
cation in salmonids, available sequence databases have been
browsed (using blastn, blastx, and tblastx) without finding any
additional sequences that could be identified as RAG genes.
However, based on the age and size of the examined fish, we
cannot rule out that RAG expression and consequently the func-
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tion of ILT could be different during earlier developmental stages.
In line with previous studies, RAG-1 and RAG-2 transcripts were
present in midkidney as previously shown in carp (Cyprinus
carpio) (21), and in rainbow trout (Oncorhynchus mykiss) (only
RAG-1), in gills and intestine with a very low or undetectable
level of RAG-1 (9).

As in mammals, the teleost TCR is found on the surface of
mature T cells present as two subpopulations, TCRa3- and yd
(22), with several important differences in both distribution and
function. Their orthologs have been characterized in salmon (23,
24). In vertebrates, the o™ T cells reside mainly in secondary
lymphoid organs and constitute most mature T cells (25). In
mammals, y8" T cells constitute a small population known as
intraepithelial lymphocytes, most abundant in the skin, gut, lung,
and tongue. Residing in the epithelial layers of mucosal tissues
(25), they have been reported to respond rapidly to tissue stress by
release of cytokines, giving these cells a key role in immune
regulation (26). In addition to confirming the presence of TCRa-
and o transcripts in the ILT, we showed that their relative tran-
script levels were higher in the ILT compared with gill, mid-
kidney, and intestine. The presence of TCRS transcripts in the ILT
underlines the importance of yd" T cells in mucosal surfaces as
previously shown in sea bass (Dicentrarchus labrax) (27). The
TCRa transcript level in the ILT was significantly decreased fol-
lowing infection, representing a reaction pattern different from
that observed in gill, midkidney, and intestine, where no signifi-
cant changes were observed. This finding demonstrated that the
ILT responded to systemic infection in a distinct manner com-
pared with the other tissues examined, especially noteworthy the
gills, in which the ILT is embedded. Previous investigations have
shown the presence of the ISAV cellular receptor in the ILT by
IHC (28), whereas the absence of replicating ISAV has been
shown by a RT-qPCR assay (4). These findings indicate that the
changes observed in the ILT most likely are consequences of
a systemic and not a local response. Once we compared the
TCRa/TCRS ratio in the ILT and gill, it was evident that the ILT
not only has the highest transcript levels of TCRa and TCR3 but
also the lowest TCRa/TCRS ratio. In the challenged fish, the ratio
decreased dramatically (control: 7.7, infected: 4.2). The same
trend was present in the midkidney, a primary/secondary lymphoid
organ (control: 8.4, infected: 6.6). In sharp contrast, a simulta-
neous increase of the TCRa/TCRS ratio in the gill could be ob-
served (control: 9.2, infected: 12). The ratio in the intestine
remained relatively unaffected (control: 27.4, infected: 27.8). The
altered ratios might be the result of redistribution of af*/yd"
T cells by migration into or out of the tissue. Nevertheless, it
might be interpreted as an attempt to optimize local defense
mechanisms. A rapid redistribution of y3* T cells from mucosal
sites to lymphoid sites was observed in macaques (Macaca
mulatta) following oral infection of SIV (29). In sea bass
(Dicentrarchus labrax), the same observations have been made
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FIGURES. T cell-related transcripts in control and ISAV-infected salmon. Analysis of T cell-related transcripts in laser-dissected ILT, gill, intestine, and
midkidney of control (n = 8) and ISAV-infected salmon (n = 8) quantified by real-time qPCR. Significant changes in transcription level by days 27-33 p.i.;
wkkp < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. Stars colored red indicates significance at p < 0.005, according to Bonferroni correction,
performed to account for multiple tests. The individual transcript level for each fish is displayed with mean * SEM. Transcript levels are normalized with

EF1Ag and displayed relative to the mean of control gills.

following viral infection, indicating that y3* T cells have a role in
virus-induced immunity also in teleosts (25).

The CD3 complex is considered to be a pan T cell marker, and the
CD3 orthologs have been characterized in salmon (30). In accor-
dance with former IHC results (1, 2), our study showed high levels
of CD3( transcripts in the ILT compared with the other tissues
examined. In the infected group, a moderate increase of the CD3(
transcript level was observed in all tissues examined but only sig-
nificant in the intestine and midkidney. This is not necessarily
caused by an upregulation of CD3 expression but more likely a
possible mobilization of a T cell-mediated immune response.

In teleosts, T cells are further divided into T helper cells dis-
playing a CD4 coreceptor and cytotoxic T cells displaying a CD8
coreceptor (31). Th cells interact with MHC 11, recognizing exog-
enous Ag. In contrast, cytotoxic T cells interact with MHC I and
recognize endogenous Ag (32). In contrast, expression of CD4 and
CDS8 are absent from most y3* T cells (33). Orthologs of both CD4
and CDS8 have been identified in salmonids (34-36) with certain
structural differences. Transcripts corresponding to the three CD4
variants were identified in all tissues examined; CD4-2a was the
variant with the highest transcript level in all tissues examined,
a finding that corresponds with previous observations examining the
expression of different CD4 variants in Atlantic salmon (35). In the
infected population, a significant increase in CD4-2a transcripts was
observed in the gills, midkidney, and intestine but not in the ILT.

The CD8 coreceptor is commonly represented by a heterodimer
consisting of a CD8a and CD8[3 subunit, encoded by two distinct
genes (37). A less common CD8aa homodimer can be found on
subsets of intraepithelial lymphocytes, both of* and yd" T cells,
mast cells, macrophages, NK cells and subsets of dendritic cells
(38). In our study, the transcript levels of CD8a and CD8f3 were
higher in the ILT compared with the other tissues examined. This
observation correlates with previous studies on distribution of
CD8* cells in rainbow trout (Onchorhynchus mykiss), showing an
accumulation of CD8a™ cells in the ILT, gill and intestine (39).
Interestingly, the CD8a/CDSB ratio in the ILT (control: 1.0,
infected: 1.1) was significantly higher than in gill (control: 0.6,
infected: 0.6), intestine (control: 0.7, infected: 0.7) and midkidney
(control: 0.4, infected: 0.4), and remained stable in the infected
population. This finding indicated that the proportion of CD8«*
cells is higher in the ILT, and might be explained by the presence
of CD8aae homodimers, which are known for their repressor effect
on T cell activation, acting by decreasing the functional avidity
between the TCR-MHC complex (40). The presence of CD8a*

NK cells, equivalent to the CD8aa™ NK cells of humans, has been
suggested in rainbow trout (40).

The transcript level of MHC I increased in all tissues in the
infected population. In gill, intestine, and midkidney, the increase
was significant. These findings correlated with previous inves-
tigations in ISAV-infected Atlantic salmon (41, 42) and can be seen
in the context of a T cell-mediated immune response as a conse-
quence of infection.

MHC Il is also present in the ILT (41) but at a considerably lower
transcript level compared with MHC 1. Consistent with previous
publications (41, 43), both MHC I and II showed highest expression
in gills and intestine, which may be a reflection of their alerted state
because of a high Ag exposure. Compared with MHC I, MHC II had
a relatively stable transcript level that was maintained throughout
the sampling period and was unaffected by infection.

This study has by multiple approaches examined responses of the
ILT to infection and has by far excluded the possibility that this
tissue is a primary lymphoid organ at least during the investigated
developmental stage. An important hallmark of primary lymphoid
organs is their structural irresponsiveness to antigenic stimuli (5)
and expression of RAG genes to allow recombination of T and
BCR genes to take place (44, 45). The fact that the ILT is not
a static structure but is responsive to antigenic stimuli and the
absence of RAG transcripts further indicates that the ILT most
likely is a secondary lymphoid organ. On the basis of the present
alteration in transcript levels and a strong positive correlation for
TCRoa/CD42a (data not included), one may speculate that it is
TCRaB* cells, possibly CD4" cells that migrate from the ILT out
in the gill filament, most likely to communicate with APCs. In
addition, we have shown that the ILT is composed of a highly
heterogeneous group of T cells. The ILT expresses several markers
for the adaptive arm of the immune system, which might indicate
that the structure is an important site for the induction of local
T cell-mediated immunity. The ILT responds to infection in a
different manner compared with the other tissues examined, es-
pecially noteworthy the gills, in which the ILT is located. The gills
as a mucosal tissue have previously been hypothesized as the
location of less evolved lymphoid organizations in teleosts (6).
The strategic location of the ILT gives the mucosal immune sys-
tem a unique possibility of an early onset of local immune
mechanisms right at the border to the external environment, a lo-
cation that under no doubt is subjected to considerable exposure of
both unharmful commensal microorganisms and Ags presenting
a threat to the organism. The presence of peaceful coexistence
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with commensals depends on mechanisms that limit the initiation
of immune responses unless strictly required, similar to that found
in lungs of humans (46). Similarly, clonal anergy of B cells might
represent another surveillance system in the gills (6). The ex-
traordinary heterogeneous population of T cells located within the
ILT contributes beyond doubt to the local immune defense in the
gills, and future studies will aim to reveal the mechanisms by
which the ILT exerts its function.

We conclude that the ILT most likely is a secondary lymphoid
structure; however, it lacks key features of organized MALT as seen
in mammals such as vessels and germinal centra. With its location
in the pharyngeal region, this opens up for the possibility that the
ILT represents nature’s early attempt to develop organized MALT.
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In the version of this article initially published, labeling of the x-axis was missing from Fig. 4. The corrected Fig. 4 is shown below. The

figure legend was correct as published and is shown below for reference.

The figure has been corrected in the online version of the article, which now differs from the print version as originally published.
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