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Toll-like receptors (TLRs) are known to detect a defined spectrum of microbial structures. However, the knowledge about the
specificity of teleost Tlr factors for distinct pathogens is limited so far. We measured baseline expression profiles of 18 tir genes
and associated signaling factors in four immune-relevant tissues of rainbow trout Oncorhynchus mykiss. Intraperitoneal injection
of a lethal dose of Aeromonas salmonicida subsp. salmonicida induced highly increased levels of cytokine mRNAs during a 72-hour
postinfection (hpi) period. In contrast, only the fish-specific tlr22a2 and the downstream factor irakl featured clearly increased
transcript levels, while the mRNA concentrations of many other tIr genes decreased. Flow cytometry quantified cell trafficking after
infection indicating a dramatic influx of myeloid cells into the peritoneum and a belated low level immigration of lymphoid cells. T
and B lymphocytes were differentiated with RT-qPCR revealing that B lymphocytes emigrated from and T lymphocytes immigrated
into head kidney. In conclusion, no specific TLR can be singled out as a dominant receptor for A. salmonicida. The recruitment of
cellular factors of innate immunity rather than induced expression of pathogen receptors is hence of key importance for mounting
a first immune defense against invading A. salmonicida.

1. Introduction

The vertebrate immune system consists of a conserved innate
system complemented by a highly specialized (adaptive)
immune system. Both branches of immunity communi-
cate and collaborate in a bipartisan way to ensure the
effective destruction of potentially harmful microbes [1].
Pattern recognition receptors (PRRs) are crucial germ-line
encoded components of the innate branch, as they recognize

directly and immediately conserved microbial structures and
molecular motifs (MAMPs, microbe-associated molecular
patterns, previously known as PAMPs) as well as immuno-
genic endogenous molecules released from the infected host
(DAMPs, damage-associated molecular patterns) [2-4].
Toll-like receptors (TLRs) are the best characterized
innate immune receptors. More than 20 TLRs clustered in
six subfamilies have been identified in more than a dozen of
fish species [5-7] (Figure 1). They provide a wide spectrum
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FIGURE 1: Pathogen recognition in trout. Toll-like receptors, Nodl, and downstream factors as known from trout are listed with their GenBank
accession numbers. Different colors of the LRR regions factors indicate the membership to individual Tlr families (TLR1 (blue), TIr3 (orange),
TIr5 (black), TIr7 (green), and TIrll (red)). Notably, a Tlr4 ortholog is absent in salmonid fish (marked with a flash). The Myddosome
consisting of Myd88, Irak4a, and Irakl (inside the green box) binds to the activated Tlr and recruits Traf6 and further downstream factors
(indicated with a broken arrow), which in turn activate NF-«xB. Tollip functionally inhibits Irakl by preventing its recruitment into the

Myddosome complex.

for recognizing the plethora of aquatic pathogens. Upon
ligand binding, TLRs dimerize and undergo conforma-
tional changes to recruit the Myddosome to the activated
toll/interleukin-1 receptor domain (TIR) [8]. In mammals,
this helical structure consists of six MYD88 (myeloid differ-
entiation primary response protein 88) adaptor molecules,
onto which a layer of four IRAK4 (interleukin-1 receptor-
associated kinase 4) serine/threonine kinases and another
layer of four IRAK2 or IRAKI factors are assembled [8].
The composition of teleost Myddosome is unknown so
far, although functional interaction of the complex Myd88-
IRAK4a with the TIR domain has been reported [9]. How-
ever, no IRAK2 factor has yet been found in any teleostean
fish species [5, 6].

The activated receptor complex promotes the dissocia-
tion of IRAKI from its functional repressor TOLLIP (toll-
interacting protein) allowing its association with TRAF6
(TNF receptor-associated factor 6) and further downstream
factors to activate either NF-xB or interferon regulatory
transcription factors or mitogen-activated protein kinases
[10]. This TLR-MYD88-IRAK-TRAF6 signaling pathway is

well conserved, not only in vertebrates but also in Drosophila
[11, 12]. The activated cascade results in enhanced expression
of immune factors such as cytokines provoking inflammation
and allowing the communication with the adaptive branch of
immunity [12].

The Gram-negative bacterium Aeromonas salmonicida
ssp. salmonicida is the causative agent of furunculosis, a
serious disease of salmonid fish inducing high mortality even
after a low-dose intraperitoneal injection [13]. Pathogenic
challenges induce not only the massive activation of proin-
flammatory mediators [14-17], but also enhanced transcrip-
tion of tlr-encoding genes in fish [18-20] as reported pre-
viously for mammals [21-23]. The dominant MAMP from
Gram-negative bacteria is lipopolysaccharide (LPS), known
in mammals to be specifically and solely recognized by TLR4
[24]. No TLR4 ortholog has been identified so far in salmonid
fish, and LPS recognition in bony fish is unclear to date
[6, 25, 26]. Moreover, modulation of the expression pattern
of the entire TLR panel in response to A. salmonicida has
not been reported from rainbow trout. We therefore profiled
the expression of 13 tlrs belonging to five subfamilies of
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these receptors (Figure 1) in immune tissues (spleen, head
kidney, liver, and thymus) from healthy and A. salmonicida-
infected rainbow trout. Moreover, we also included other
genes encoding downstream factors of TLR signaling into
analysis, that is, the TLR adapter myd88 [27]; the key kinases
irak4a [9] and irakl; the NF-xB-activating factor traf6; and
the inhibitor of TLR signaling, tollip [28]. This panel of
candidate factors should provide a comprehensive overview
of the transcriptional regulation of TLR signaling in trout
during A. salmonicida infection.

2. Materials and Methods

2.1. Experimental Infection and Tissue Sampling. Rainbow
trout (“steelhead”; Trout Lodge, Tacoma, USA) were kept in
300-1 tanks at 15°C in partially recirculating water systems.
The water quality was monitored daily. The light period was
12h per day and night. Fish were fed with commercial dry
pellets.

A. salmonicida subsp. salmonicida (wild type strain JF
2267) was used for experimental infection of trout. The bacte-
ria were cultivated from cryoconserved batches (Microbank,
PRO-LAB Diagnostics, Cheshire, UK) in LB broth (SIFIN)
at 15°C for 72 h. The initial cultures were checked for purity
by Gram-staining and observation of cell morphology. The
bacterial suspension was concentrated by centrifugation
(4300 rpm, 10 min, 4°C). The bacterial pellet was washed once
in sterile 0.9% sodium chloride solution and diluted to 1x10®
bacteria/mL.

We injected lethal doses of A. salmonicida to conceivably
induce uniform physiological reactions in all individual fish.
One group of fish (n = 30) was infected by peritoneal
injection with 200 uL PBS (phosphate-buffered saline) con-
taining 1 x 107 A. salmonicida while a control group (n = 5)
received 200 uL PBS only. Five fish per group were sampled
at 0-, 6-, 12-, 24-, 48-, and 72-hour postinfection (hpi).
Peritoneal injection and anaesthetization of rainbow trout
with phenoxyethanol prior to sampling were conducted in
compliance with terms of the German Animal Welfare Act (§
4(3) TierSchG). The experimental protocol was approved by
the Animal Care Committee of the State Mecklenburg West-
ern Pomerania (Landesamt fiir Landwirtschaft, Lebensmit-
telsicherheit und Fischerei, Mecklenburg-Vorpommern, Ger-
many; LALLF M-V/TSD/7221.3-2.5-008/10). Tissue samples
of spleen, head kidney, liver, and thymus were immediately
snap-frozen and stored in liquid nitrogen.

2.2. RNA Isolation and cDNA Synthesis. Tissue samples
were powdered in a mortar under liquid nitrogen and
total RNA was subsequently extracted using QIAzol Lysis
Reagent followed by purification with RNeasy Mini spin
columns, as provided in the RNeasy Plus Universal Kit
(Qiagen, Hilden, Germany). The RNA concentrations were
determined with the NanoDrop 2000 photometer (Thermo
Scientific, Waltham, MA, USA). 1.5 ug total RNA from each
sample was transcribed into cDNA using the Super Script
IT kit (Invitrogen/Life Technologies, Karlsruhe, Germany)
and gene-specific antisense oligonucleotides (Table 1).

Complementary DNA aliquots equivalent to an input of
75 ng total RNA were used in subsequent RT-qPCR reactions.

2.3. RT-qPCR. We derived rainbow trout specific oligonu-
cleotide primer pairs to amplify cDNA sequence fragments
of 13 tir genes (tirl, tlr2, tlr3, tlr5, tlr7, tir8al, tlr8a2, tlr9,
tIr19, tlr20, tlr21, tlr22al, and tlr22a2); of five genes coding
for downstream signaling factors of the TLR pathway (myd88,
irak4a, irakl, tollip, and traf6); of the nodl gene (nucleotide-
binding oligomerization domain-containing 1) representing
an alternative PRR. All relevant GenBank accession codes
are indicated in Figure 1. Primers for five cytokine-encoding
genes (illb, tnf, il8, il10, and tgfb) and two immune cell marker
genes (ighm, trb) were also derived (Table 1). The oligonu-
cleotide primers were designed using the Pyrosequencing
Assay Design software v.1.0.6 (Biotage, Uppsala, Sweden).
The resulting PCR products were cloned (pGEM-T Easy;
Promega, Mannheim, Germany) and sequenced (Applied
Biosystems 3130 Genetic Analyzer; Life Technologies) to
ensure the authenticity of the respective gene fragments.
Primer efficiencies are given in Table 1.

cDNA copy numbers were quantified on the LightCycler
96 System (Roche, Basel, Switzerland) using the SensiFAST
SYBR No-ROX Kit (Bioline, Luckenwalde, Germany). After
each RT-qPCR run, PCR products were visualized on 3-%
agarose gels to validate product size and quality. Melting
curve analyses evaluated the amplification of single products
per sample (specific Tm values are listed in Table 1). Standard
curves were generated based on 10-fold dilutions (10° to
10° copies) of the respective cloned fragments serving as
external standards in the analytical runs. Copy numbers were
calculated on the basis of linear regression of the standard
curve (R? > 0.99 in each case).

2.4. Flow Cytometry. The cells in the peritoneal cavity, the
site of experimental infection, were retrieved through lavage
with 5mL ice-cold PBS containing 5mM EDTA (ethylene-
diaminetetraacetic acid). For the analysis of cell number and
distribution of lymphoid and myeloid cell populations, 100 4L
cell suspension was diluted in 300 uL PBS/0.01M EDTA
solution. Cells counts were acquired by FACSCalibur (Becton
Dickinson, Germany) in “HIGH-throughput” mode for 20
seconds. The cell composition was analyzed using a set of
monoclonal antibodies as previously described [29]. In brief,
the total number of leukocytes was incubated with diluted
antibodies for 30 minutes. Antibodies were either directly
labeled with fluorochrome or cells were first incubated with
an unlabeled specific antibody and subsequently for another
30 minutes with the corresponding mouse isotype-specific
antibody, labeled either with fluorescein isothiocyanate
(FITC; Rockland, Limerick, PA, USA) or R-phycoerythrin
(RPE; Jackson ImmunoResearch Laboratories, West Grove,
PA, USA).

2.5. Statistics. The data are presented as the mean + standard
error of the mean SEM. To assess statistical significances,
we performed one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test as provided by SigmaPlot
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FIGURE 2: Copy number of (a) PRRs and (b) downstream signaling factors in selected tissues from healthy trout. Quantitative RT-PCR was
used to determine the number of transcripts/ug total RNA (ordinate) in spleen (dashed bars), head kidney (filled bars), liver (open bars), and
thymus (chequered bars) of five healthy rainbow trout. Bars indicate mean + SEM.

(Systat Software Inc., San Jose, CA, USA). p values <0.05 were
considered as indicating significant differences.

3. Results

3.1. Tlrs and Associated Factors Were Most Abundantly
Expressed in Spleen from Healthy Trout. We performed a
quantitative real-time PCR (RT-qPCR) profiling across 19
factors constituting the recognition of MAMPs in rainbow
trout. Regarding the tissue-specific expression, we found
that all 13 tlr genes were significantly expressed in spleen,
head kidney, liver, and thymus (Figure 2(a)). However, we
observed large differences in basal levels of tlr transcripts.
Spleen tissue featured the highest mRNA concentrations of
almost all the Tlr-encoding genes, as frequently found in
other fish species [26]. The copy numbers ranged from a
minimum of 0.12 + 0.02 x 10° (#1r5) to a maximum of 1.3 +
0.18 x 10° copies (tlr21) per ug RNA. The concentrations
in head kidney amounted to approximately one-third of
the values found in spleen with #r5 featuring the lowest
abundance of only 7% of the level in spleen. Levels in liver
were generally much lower than in spleen, amounting for
eleven of the considered tIr genes on average to less than 10%
of the levels as recorded in spleen. Yet, tIr5 and tlr3 were found
to be exceptional since their mRNA concentrations reached
163% and 58% of those values measured in spleen.

We could not find distinctive tissue-specific expression
profiles distinguishing the expression levels of the known
transmembrane tlr genes (e.g., tirl, tlr2, and tlr5) from those
of the known endosomal tlrs (tlr3, tlr7, tlr8al, tlr8a2, and
tlr9) or of the fish-specific tlrs (tr19, tir20, tlr21, tlr22al,
and #lr22a2), the latter belonging all to the TLRIl fam-
ily (Figure 1). Comparing the relative expression intensities
between the various tIr genes, we recorded the highest mRNA
abundances (>220,000 transcripts/ug RNA) for tir9, tlr20,
and tIr21 in spleen, head kidney, and thymus, while tIr5 and

tlr19 were found to be expressed on comparatively low levels
in those tissues (<160,000 transcripts/ug RNA).

Levels of nodl transcripts were recorded to monitor the
expression of an alternative PRR [30]. Nodl copy numbers
were on similar levels as tlr2, tIr9, and tlr20 in spleen and liver
and exceeded in head kidney by more than twofold the level
of the quite strongly transcribed tIr9 or tlr21.

Transcripts encoding downstream factors of the TLR
pathway were also abundant (Figure 2(b)). Copy numbers of
irak4a, irakl, traf6, and tollip genes were in a similar range as
the tIr genes. Myd88, in contrast, exceeded by 3- to 15-fold the
level of those other factors.

3.2. Severe Infection with A. salmonicida Strongly Induced illb,
tnf, and il8. Rainbow trout were intraperitoneally infected
with a high dosage (1 x 107 cfu) of A. salmonicida ensuring
establishment of a uniform clinical infection in all individu-
als. At the end of the trail, infected trout displayed classical
apathetic behavior; hemorrhages in liver; enlarged spleen
and liver; and swollen intestine as typical symptoms of acute
infection.

To characterize the course of the up-running immune
defense after infection, we profiled the expression of several
cytokine-encoding genes in our four target tissues spleen,
head kidney, liver, and thymus. Il1b [31, 32], Tnf [33], and II8
[34, 35] play key roles during inflammation of rainbow trout.
1110 [36] and Tgtb [37] act as regulatory cytokines [38].

As early as 6hpi, we found significantly elevated il8
transcript levels (p < 0.03) in liver (60-fold), spleen (28-
fold), and head kidney (27-fold) compared to naive trout
(Figure 3; Table 2). At 12 hpi, we recorded strongly increased
ilIlb mRNA abundances (with p < 0.01) in head kidney
(393-fold), liver (152-fold), spleen (48-fold), and thymus
(10-fold) accompanied by moderately increased tnf mRNA
levels (with p < 0.03) in head kidney (12-fold), liver (12-
fold), and spleen (8-fold). At 72 hpi, we found a second, less
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FIGURE 3: Relative levels of mRNAs encoding cytokines in selected immune organs of trout after infection with A. salmonicida. The relative
number of mRNA copies (ordinate) encoding Illb (triangles; full line), Tnf (diamonds; broken line), 118 (squares; line-dot-line), I110 (circles;
dotted line), and Tgfb (hexagon; full gray line) is plotted against the time after infection (abscissa). Different tissues (a) spleen, (b) head kidney,
(c) liver, and (d) thymus were collected from five individuals/time point. Values are given as mean + SEM; the pertinent data are listed in
Table 2. Note that the relative quantity is presented on a log10 scale. Asterisks indicate significant differences with p < 0.05 compared to the

control group (0 h).

pronounced upregulation of il8 gene expression (with p <
0.02) in liver (39-fold), head kidney (24-fold), and spleen
(18-fold). Il10 expression was highly upregulated in head
kidney at 12 hpi (54-fold) indicating the onset of immune-
dampening mechanisms restricting inflammation. Only tgfb
gene remained on a similar expression level throughout the
infection.

These data together validate that the severe infection
initiated strong inflammation.

3.3. Marginal Regulation of Factors Constituting the TLR Sig-
naling Cascade during Severe Aeromonas salmonicida Infec-
tion. Akeyaspectof our study was to profile the expression of
all our candidate TlIr factors during A. salmonicida infection
identifying prominently regulated members of this receptor
family. The data are visualized in Figure 4 and listed in
Table 3(a). Surprisingly, from the 13 tlr genes studied, only the
expression of tIr22a2 was clearly and quickly induced in head
kidney (6 hpi: 6-fold; 12 hpi: 4-fold over controls) and liver
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TABLE 2: Expression profiles of various cytokines in selected tissues of rainbow trout at different time points after infection.
G . Fold change values at time points after infection relative to control
ene symbol Tissues
6h 12h 24h 48h 72h
Spleen 39.35 +12.98" 47.80 +13.94" 754 +2.33 8.89 +£2.64 3.63£1.04
i1ib Head kidney 180.12 + 75.62 393.18 + 95.32" 1750 £ 7.97 1739 £ 5.72 28.38 +8.11
Liver 68.47 + 26.01 151.60 + 42.63" 19.35 £ 6.24 22.21+8.50 81.23 + 32.69
Thymus 336 +0.73 9.74 +2.93" 2.00 £0.57 1.63 £ 0.35 2.75 £ 0.66
Spleen 8.68 + 4.55 7.76 +2.34" -116 £ 0.37 112 £ 0.30 1.82 £ 0.52
tnf Head kidney 2.06 £0.70 11.94 + 4.32% -1.18 £ 0.53 -1.31+£0.26 1.64 £ 0.38
Liver 21.10 +13.46" 11.58 + 4.93" 3.74 £ 1.68 8.50 £ 4.33 10.88 £ 5.68
Thymus 1.18 £ 0.28 2.10 + 0.74 -1.27 £ 0.36 -113£0.15 1.54 +0.25
Spleen 27.85 + 11.11" 14.92 + 4.55 4.30 +1.31 13.37 £ 6.27 17.80 + 6.48"
i8 Head kidney 26.59 +9.13" 19.11 £ 5.15 7.24 + 1.89 13.14 £ 4.92 24.12 + 700"
Liver 60.14 + 24.25" 25.32 +13.09 9.30 £3.11 71.70 + 55.32 39.32 +22.19"
Thymus 113 £0.31 1.33 £0.48 -1.38 £ 0.35 -1.14 £ 0.52 1.25+0.28
Spleen 1.24 £0.33 1.26 £ 0.27 1.46 + 0.41 119+ 0.35 1.29 £ 0.38
im0 Head kidney 20.39 £ 9.00 54.04 +18.64" 10.35 + 4.94 11.83 £ 6.24 15.53 £ 6.49
Liver 2.52+0.88 319 +1.12 3.08 £0.84 3.20£0.95 3.63 +1.14"
Thymus 1.51 £ 0.52 1.59 £ 0.50 1.41 + 0.47 1.41+0.38 115+ 0.32
Spleen 111+ 0.08 -1.05 + 0.09 114 + 0.15 1.04 £ 0.11 -1.06 £ 0.12
tefb Head kidney 117 £ 0.12 1.10 £ 0.09 114 £ 0.12 1.06 £ 0.14 -111+£0.13
Liver 1.34£0.14 1.50 £ 0.18 217 +0.35" 176 £ 0.24 1.50 £ 0.20
Thymus -113 £ 0.16 -1.40 £ 0.22 -1.42 +0.33 -1.21+0.24 -1.06 + 0.16

*Significant expression difference (p < 0.05) between the infected and the control groups is indicated in bold.

(12 and 48 hpi: 4-fold over controls) in the infected trout. The
genes encoding TIr9, -19, and -20 were induced in liver to a
low extent (2- to 3-fold; p < 0.05). Transcript levels of t/r] and
tlr22al remained stable over time and those encoding Tlr2,
-3, -5, -7, -8al, -8a2, -9, -21, and Nodl were even downregu-
lated (<4-fold) in spleen or head kidney.

No downregulation was found for any of our candidate
downstream factors of TLR signaling in any of the four tissues
(Figure 4; Table 3(b)). Levels of all these factors remained
virtually stable in thymus during the entire infection period.
In contrast, all these factors were significantly upregulated in
liver, at least at some time point during infection. The mRNA
concentration of myd88 was most prominently upregulated
(>6-fold, 12 hpi and 72 hpi) and remained on elevated levels
throughout. The traf6 mRNA concentration rose at 12 hpi to
a subsequently sustained 2-fold increased level. The mRNA
concentration of follip was raised at 24 hpi by ~3-fold and
increased further until 72 hpi. The induction profile of irakl
was remarkable in so far as it significantly increased >2-
fold in three organs, spleen, head kidney, and liver already
6 hpi. This elevated level was sustained in liver throughout the
infection period (p > 0.05 at 24 and 48 hpi), while it clearly
dropped down later compared to 12 hpi in spleen and head
kidney.

3.4. Infection Quickly Induced an Influx Mainly of Myeloid
Cells into the Peritoneum. Activation of the early cellu-
lar immune response in the peritoneal cavity, the site of
infection, was indicated by a very strong increase in the

total number of cells (Figure 5(a)). The number of peritoneal
leukocytes increased during the first 12hpi by >40-fold
(p < 0.05). Their number remained on this high level for
another 60 h in all infected fish. Only slight and statistically
insignificant changes were observed in the control group
injected with PBS (<2-fold, p = 0.6).

Flow cytometry was used to differentiate myeloid from
lymphoid cells in peritoneal lavages (Figures 5(b) and 5(c)).
Myeloid cells (mainly monocytes/macrophages and granu-
locytes) were the first to become massively recruited. Their
number increased already during the first 6 hpi by 43-fold
(p < 0.05) and reached a plateau level of a 162-fold (p <
0.01) increase at 12 hpi (Figure 5(b)). Significant amounts of
lymphoid cells (most likely B cells; maybe T cells; natural
killer-like cells) were also recruited into the peritoneum, but
with a slower, yet steady rate. Their number was increased
by 4l-fold (p < 0.02) at 72hpi. The different rates for
recruiting both cell types eventually resulted in a grossly
altered composition of the peritoneal cell population. The
relative proportion of myeloid (44%) and lymphoid cells
(55%) was quite balanced in control trout (Figure 5(c)). The
A. salmonicida infection changed the situation tremendously.
Myeloid cells constituted more than 80% of the peritoneal
cells already at 6 hpi, whereas lymphoid cells accounted for
only 18%. This ratio remained almost constant until 72 hpi.
PBS injection provoked only mild fluctuations of this ratio.

The data show that infection activated very swiftly the
cellular branch of innate immune defense by recruiting well-
known effector cells and this occurred concomitantly and
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FIGURE 4: Modulation of the mRNA concentration of factors contributing to TLR signaling during infection. Colored fields represent
significantly (p < 0.05) altered fold changes (>2-fold) of the mRNA concentrations as measured in the respective organs at the various
times after infection. The pertinent data are listed in Tables 3(a) and 3(b).

was conceivably triggered by the induced expression of key
cytokines.

3.5. Significant Cell Migration of T and B Cells Is Likely to
Occur in Head Kidney from 12 hpi Onwards. We profiled the
dynamics of lymphoid cell migration in the four immune
organs in order to validate the onset of adaptive immune
activities involving T and B cells. T cell receptor 3 (trb) and
immunoglobulin M, heavy chain (ighm) are broadly used
gene markers indicating the presence of cells of the T- or B-
type lineage [39]. We found only in the head kidney clear and
significant changes of these markers (p = 0.03). The trb level
remained stable for 12 hpi and subsequently rose to reach its
maximum 12-fold increase at 72 hpi. Concomitantly, the ighm
level dropped steeply after 12 hpi and reached a lower level
plateau (11-fold reduction) at 24 hpi (Figure 6). This obser-
vation indicates either that B cells emigrated from the head
kidney or that T or myeloid cells immigrated into this organ
or that lymphocytes were strongly induced to proliferate here,
thereby affecting the proportion of immune cells.

Changes of trb and ighm levels were all less than 3-fold
and mostly statistically insignificant in the other three organs
(thymus, spleen, and liver; Table 4).

4. Discussion

Toll-like receptors are key components of the innate immune
system promoting a proinflammatory state after invasion
of pathogens. Analyzing the tissue-specific and immune-
modulated expression of a comprehensive set of factors con-
tributing to TLR signal transduction may therefore inform
about their role to overcome microbial threats (see [26]
for a review). RT-qPCR is often the method of choice for
the analysis due to the lack of fish-specific antibodies [26]
and its superior sensitivity [40]. Moreover, a significant and
positive correlation between the concentration of mRNA and
its encoded protein has been found for a vast number of genes
[41] and also for tlr genes in fish [42].

The prime interest of our study was to analyze in trout
the role of TLR signaling to combat infection with the Gram-
negative pathogen A. salmonicida, since no Tlr is known in
teleost fish to recognize LPS, the major component of the
outer cell wall of this pathogen. Prominent feature of our
comprehensive survey of tIr expression during infection was
that their expression was only moderately regulated, if at
all. We conclude from this observation that A. salmonicida
infection strongly induced proinflammatory mechanisms but
failed to induce those pathways controlling the expression of
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TABLE 3: (a) Expression profiles of various PRRs in selected tissues of rainbow trout at different time points after infection. (b) Expression

profiles of various downstream factors in selected tissues of rainbow trout at different time points after infection.

(a)

Fold change values at time points after infection relative to control

Gene symbol Tissues
6h 12h 24h 48h 72h
Spleen -1.07 £ 0.19 -1.02 £ 0.23 1.07 £ 0.16 -1.07 £ 0.18 -1.54 + 0.28
i Head kidney 1.61 £0.18 1.72 £ 0.25 1.50 £ 0.27 1.57 £0.21 1.66 £ 0.13
Liver -1.11 £0.18 1.72 £ 0.31 2.32+£0.56 1.67 £ 0.31 1.70 £ 0.22
Thymus -1.31+0.29 -1.20 £ 0.32 1.21 £ 0.29 113+ 0.24 1.09 £ 0.20
Spleen -1.13 £ 0.16 -1.73 + 0.33" -1.86 + 0.41" -1.46 £ 0.15 -1.68 + 0.20"
2 Head kidney 1.24 £ 0.19 -1.13+0.17 -1.68 + 0.28 -1.10 £ 0.22 -1.18 £0.15
Liver -1.01+0.11 -1.11+0.11 -1.01+0.12 1.50 £ 0.32 1.16 + 0.18
Thyrnus -1.12+0.21 -1.07 £ 0.19 -1.07 £ 0.25 1.16 £ 0.19 1.22 £ 0.16
Spleen -1.58 £ 0.17 -1.67 £ 0.25 -1.21+0.25 -1.82 +0.23" -1.70 + 0.23"
3 Head kidney -1.52+0.17" -1.99 + 0.26" -2.49 +0.30" -2.08 +0.29" -2.09 +0.32"
Liver -1.21+0.31 —1.64 + 0.39 -1.40 £ 0.36 -1.83 + 0.47 -1.64 £ 0.51
Thymus -1.26 + 0.27 -1.87 £ 0.49 -1.46 £ 0.37 -1.52 £ 0.37 -1.63 +0.34
Spleen -2.77 £ 0.71 -3.88 £ 0.71" -2.76 £ 0.70 -2.34 £ 0.66 —-1.61 + 0.49
ir5 Head kidney -1.07 £ 0.27 1.03 + 0.64 -2.33+£0.48 -1.62 +£0.47 -1.55+0.34
Liver 1.28 + 0.31 -1.30 £ 0.25 1.77 £ 0.37 1.99 + 0.37 1.96 + 0.38
Thymus 1.14 £ 0.23 -1.12 + 0.29 —2.08 +£0.35 -1.29 +£ 0.30 -1.91 £ 0.52
Spleen -2.10 £ 0.24" -1.62 £ 0.58 -2.79 + 0.48" -3.23+0.62" -3.40 £ 0.85"
a7 Head kidney 1.95 + 0.45 2.22+0.63 1.51 + 0.49 -1.28 £ 0.35 -1.04 £ 0.24
Liver -1.01 £0.23 1.06 £ 0.19 1.17 £ 0.20 1.33 £ 0.41 -1.05 + 0.30
Thymus -1.30+0.28 -1.34+0.33 —1.03 £ 0.40 -1.35+0.28 -1.47 £ 0.31
Spleen -2.03 +0.29" -1.76 + 0.28" -1.29 £ 0.20 -1.36 + 0.23 -1.62 +0.29"
fr8al Head kidney -1.35+0.22 -1.89 + 0.39 -1.90 £ 0.34 -1.30 + 0.45 -1.89 + 0.77
Liver 147 + 0.41 1.81 £ 0.42 2.86 £0.77 2.88 £1.00 1.67 + 0.43
Thymus 1.02 +£0.21 -1.01 £ 0.27 -1.09 £ 0.28 115+ 0.28 -1.41 £ 0.30
Spleen —2.45 + 0.53" -1.99 + 0.29" -1.49 + 0.27 -1.85 + 0.32" -2.75 + 0.45"
H1r8a2 Head kidney -1.31+0.43 -1.46 £ 0.31 -1.23+0.24 -1.29+0.27 -1.91+0.31
Liver 1.54 + 0.50 1.75 + 0.56 2.30 £ 0.56 2.56 + 0.81 1.54 £ 0.42
Thymus 1.07 £ 0.27 -1.49 + 0.33 -1.27 £ 0.32 1.03 + 0.45 -1.28 + 0.47
Spleen 1.09 £ 0.11 1.32 £ 0.11 1.44 +0.17 1.20 £ 0.22 -2.00 £ 0.25"
9 Head kidney 1.33 +0.19 1.35+£0.25 1.24 +£0.21 1.29 + 0.18 1.43+0.17
Liver 1.50 + 0.22 1.95 +0.32 2.57 +0.42 2.87 +0.52" 3.44 +0.51"
Thymus -1.22 +£0.37 -1.20 + 0.40 1.15+0.26 1.20 + 0.39 1.33 + 0.42
Spleen -1.22 £0.28 -1.66 + 0.59 -1.62 + 0.46 1.45 + 0.38 -2.82 +0.66
19 Head kidney 3.18 £ 0.84" 2.52+0.54 2.73+0.85 219 + 0.64 2.00 £ 0.55
Liver 2.83 +1.53 -1.82 £ 0.59 1.00 +£0.23 -1.90 + 0.54 —2.00 £ 0.57
Thymus 1.06 + 0.39 -1.22 £ 0.37 1.35 + 0.55 1.02 +£ 0.30 1.42 +0.43
Spleen -1.58 +£0.29 -1.71+ 0.38 -1.23+£0.21 1.08 £ 0.27 -1.02 + 0.25
r20 Head kidney 1.29 + 0.20 -1.40 £ 0.21 1.07 £ 0.17 1.24 + 0.18 1.49 + 0.21
Liver 1.55+0.23 1.74 £ 0.20 2.01+0.19" 2.20 £ 0.25" 2.02 +0.26"
Thymus -1.17 £ 0.24 1.32 £ 0.35 -1.22 +£0.32 1.19 £ 0.26 1.42 £ 0.31
Spleen -1.39 £ 0.28 -3.82+0.46" -1.83 + 0.40 -1.25+0.35 -1.03 £ 0.19
a2l Head kidney -1.06 £ 0.26 —-2.96 + 0.61" -3.36 £ 0.51" -1.65+ 0.26 -1.52 £ 0.24
Liver 1.67 + 0.48 1.61 £ 0.44 1.34 + 0.21 2.16 + 0.58 1.51+0.34
Thymus 1.07 £ 0.18 -1.31+0.26 -1.47 £ 0.29 1.00 £ 0.21 -1.13+£0.21
Spleen 1.21+0.27 -1.18 + 0.22 -1.10 £ 0.23 1.01 +£0.27 -1.99 + 0.45
fr22al Head kidney 1.55 + 0.50 1.41 +£ 0.34 1.51+ 0.56 1.06 £ 0.24 -1.75+0.44
Liver 212 +0.52 1.94 £ 0.43 2.50 £ 0.58 3.23 +1.00 1.41 £ 0.34

Thymus 1.24 +0.21 -111+0.29 1.11 + 0.35 1.07 £ 0.23 -1.46 + 0.23
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(a) Continued.
Gene symbol Tissues Fold change values at time points after infection relative to control
6h 12h 24h 48h 72h
Spleen 3.02 £ 0.64 121+ 0.24 111+ 0.11 1.89 + 0.39 1.53 £ 0.30
Hr22a2 Head kidney 6.14 +2.37" 3.81+0.70" 1.63 +0.32 3.27£0.70 2.71+0.48
Liver 3.51+0.79 4.41+0.97" 294 £0.85 3.85+0.97" 3.12+0.80
Thymus 1.37 £ 0.25 1.83 £ 0.33 1.48 + 0.40 1.23 +0.34 1.15 + 0.28
Spleen -1.05 + 0.15 -1.60 £ 0.20 -1.01+0.14 1.07 £ 0.12 -113+0.13
nodl Head kidney -1.22+£0.23 -3.08 + 0.61" -1.60 £ 0.26 -1.31+£0.32 -1.59 £ 0.35
Liver 1.20 £ 0.18 1.26 £ 0.19 1.37£0.19 1.36 £ 0.30 1.74 £ 0.34
Thymus -1.02+£0.21 1.45+0.33 1.35+£0.39 -1.04 +0.27 -115+0.26
*Significant expression difference (p < 0.05) between the infected and the control groups is indicated in bold.
(®)
Gene symbol Tissues Fold change values of infected group relative to the control
6h 12h 24h 48h 72h
Spleen 1.44 £ 0.25 1.68 £ 0.24 1.33£0.33 1.36 + 0.22 1.25+0.20
mydss Head kidney 1.37 £ 0.16 1.33 £0.20 122 +0.22 1.45+0.29 1.04 £ 0.12
Liver 2.75+0.48 6.68 +0.63" 3.34£0.76 4.37 £1.48 6.78 +1.89"
Thymus 1.08 £ 0.14 -113£0.23 1.01£0.21 1.09 £0.17 1.00 £ 0.14
Spleen -1.02 £ 0.14 -1.20 £ 0.10 1.26 £ 0.09 1.03 £ 0.16 -1.06 + 0.14
irakda Head kidney 1.04 £ 0.11 -1.25+0.16 -1.36 £ 0.19 -1.31+0.18 -1.39+£0.19
Liver 1.38 + 0.14 1.67 + 0.14 1.87 +0.24" 1.51+£0.15 1.86 + 0.23"
Thymus 117 £ 0.16 110 £ 0.18 1.08 £ 0.18 1.26 £ 0.17 1.71+0.23"
Spleen 2.81 +0.43" 2.86 +0.24" 1.56 £ 0.17 1.51+0.22 113 £ 0.20
irakl Head kidney 2.24 +0.35" 2.54 +0.47" 1.23 £0.15 1.34 £ 0.17 1.55 + 0.18
Liver 2.60 +0.50" 3.93 +0.49" 212 +£0.35 214 +0.30 2.34+0.34"
Thymus 111+ 0.13 -1.07 £0.19 -1.25+0.21 -1.14 + 0.16 1.13 £ 0.15
Spleen 110 £ 0.15 1.29 £ 0.13 1.26 £ 0.13 1.21£0.16 115+ 0.13
trafé Head kidney 1.05 + 0.09 1.49 £ 0.15 1.36 £ 0.14 1.57 +0.15" 1.37£0.15
Liver 1.27 £ 0.09 2.21+0.27* 2.21+0.30" 2.04 +0.33" 2.17 £0.25"
Thymus 1.18 + 0.15 -1.04 £0.11 -1.01£0.15 -1.03 £ 0.13 1.78 + 0.22"
Spleen 1.06 £ 0.19 1.21+£0.21 1.29 £ 0.22 115+ 0.23 124 £0.21
tollip Head kidney 1.31+0.21 -1.05+0.24 114 £ 0.12 127 £ 0.14 111+ 0.10
Liver 1.62 + 0.48 1.73 £0.54 2.74 £ 0.87 3.44 +1.14" 4.53 +1.43"
Thymus 1.03 £ 0.15 -111+0.29 1.05+0.24 -1.04 £ 0.19 1.29 £ 0.26

*Significant expression difference (p < 0.05) between the infected and the control groups is indicated in bold.

genes encoding TLRs and associated factors. TLR expression
is known to be regulated by the JAK/STAT signaling cascade
[43] and hence our data hint, by inference, that also the latter
signaling cascade was not largely activated by the infection.
Beyond that, such comparatively small modulations in the
levels of tlr transcripts cannot unequivocally be attributed to
altered gene expression since they might as well reflect altered
cell composition in the respective organs due to cell migration
during the up-running immune defense. For example, large
differences have recently been reported regarding the organ-
specific content of tIr-expressing IgM™ cells in trout [44].
This general pattern of only a moderate regulation of lr
expression during infection in O. mykiss contrasts reports
from other organisms. Pronounced upregulation of tlr
expression after infection with relevant pathogens has been
documented for mammals [21, 23], invertebrates [45, 46], and

also bony fish. Distinct sets of tir genes showed enhanced
expression in channel catfish Ictalurus punctatus [19], Atlantic
salmon Salmo salar [18], and Antarctic bullhead notothen
Notothenia coriiceps [20] after parasitic, bacterial, and viral
infection, respectively. After infection, some of those tlr genes
revealed distinctively high mRNA abundances with changes
of more than 10-fold above controls.

4.1. Tlr22a2 Was the Most Conspicuously Regulated tlr but
Is Conceivably Not Specific for A. salmonicida Recognition.
TIr22 is important for induced cytokine synthesis [17]. The
unique and quick sixfold upregulation of tlr22a2 already 6 hpi
in head kidney would highlight this TLR as a candidate for
specifically contributing to A. salmonicida recognition. Yet,
attributing that specific role to this factor is highly unlikely
since the expression of the fish-specific tIr22 is known to be
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FIGURE 5: Kinetics of leukocyte recruitment into the peritoneum after infection with A. salmonicida. (a) The total number of leukocytes in the
peritoneal fluid in infected trout (filled bars) and PBS-injected controls (open bars) was determined with flow cytometry and is given as mean
+ SEM from five fish per time point (ordinate). (b) Differentiation of the number of recruited cells into myeloid cells (square symbols) and
lymphocytes (circles). (c) Alteration of the percentage of myeloid cells (square symbols) and lymphocytes (circles) after PBS injection (open
symbols) or infection with A. salmonicida (filled symbols) as calculated from the data given in (b). Asterisks denote statistical significance
with p < 0.001 (* * %), p < 0.01 (*%),and p < 0.05 (%), compared to controls (0 hpi), assessed with one-way ANOVA, followed by Tukey’s

post hoc test.

modulated by a variety of apparently unrelated signals. It was
significantly upregulated in several tissues and immune cells
after infection and/or stimulation (i) with Gram-negative
bacteria, that is, Aeromonas sp. in trout [47], in goldfish
Carassius auratus [48], and in rohu Labeo rohita [49], as well
as with Vibrio anguillarum in sea bream Sparus aurata [50];
(ii) with Gram-positive Mycobacterium chelonae in C. auratus

[48]; (iii) with reovirus in grass carp Ctenopharyngodon idella
[51, 52]; and (vi) with the ectoparasite Argulus siamensis in
common carp Cyprinus carpio [53]. The broad spectrum of
apparent “ligands” for this factor suggests that its interac-
tion with MAMPs can structurally not be similar to the
sophisticated key-lock principal as known from mammalian
TLRs interacting with their specific ligands [54, 55]. Perhaps
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TABLE 4: Expression profiles of T and B cell marker genes in selected tissues of rainbow trout at different time points after infection.
G . Fold change values at time points after infection relative to control
ene symbol Tissues
6h 12h 24h 48h 72h
Spleen -1.55+0.27 -2.00 +0.34" -1.95 + 0.64" -1.66 +0.27 -2.76 + 0.45"
trh Head kidney 1.53 £ 0.26 -1.35+0.31 4.01 +£1.25 8.94 +2.59 11.78 £ 2.60
Liver -1.10 £ 0.40 -1.01+0.35 2.80 +1.82 -1.50 + 0.57 -1.47 £ 0.57
Thymus -1.05+0.26 -1.48 + 0.39 -2.78 + 0.87 -1.42 +0.37 -1.23+£0.28
Spleen -1.26 £ 0.31 -1.51+£0.33 -1.37 £ 0.34 1.09 £ 0.33 -1.67 £ 0.45
iom Head kidney 111+ 0.26 -1.30 £ 0.29 -10.26 + 4.95" -9.64 +1.96" -11.19 + 2.19"
Liver 1.01£0.35 -1.24 £ 0.42 2.26 £0.81 1.43 £ 0.52 1.43 +0.48
Thymus 1.23+0.28 1.06 + 0.36 2.92 +1.08" 242 +0.54 2.42 +0.45

*Significant expression difference (p < 0.05) between the infected and the control groups is indicated in bold.
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FIGURE 6: Dynamics of T and B cell migration in head kidney
after infection. Ordinate shows the relative number of mRNA copies
(per ug total RNA) encoding the T cell receptor beta (TRB) and
immunoglobulin M (Ighm) inhead kidney of five individuals/time
point at various times after infection (abscissa). Values are given as
mean + SEM. Note that the relative quantity is presented on a logl0
scale. Asterisks denote statistical significance with p < 0.01 (*=)and
p < 0.05 () compared to controls above (ighm) and below (¢rb) the
graph. Statistical significance was assessed with a double sided ¢-test.

trout TIr22a2 senses some endogenous DAMPs resulting
from Aeromonas-induced traumata rather than exogenous
MAMPs as previously discussed by Ingerslev et al. [14].
However, assuming ligand-independent activation of T1r22a2
expression is even more puzzling since we noted in our
original description of the twin receptors Tlr22al and Tlr22a2
[47] that both factors share a high degree of identical amino
acid residues (94%), with most of the few exchanged residues
being located in the N-terminal, distal leucine-rich repeat
region (LRR). LRRs are known as ligand-binding areas of
TLRs. We also note that the expression of both Tlr22a
twin factors is not coregulated since only one of them was
upregulated.

4.2. Irakl May Have a Peculiar Role for Constraining tlr Signal-
ing in Trout. Our candidate factors contributing downstream
to tlr signaling were eventually upregulated in the livers
of infected fish and none of them was significantly down-
regulated at any time after infection. Upregulated mRNA
concentrations of such factors in liver were reported from
a variety of challenge studies and infection experiments in
different fish species [56-59]. Irakl was distinct from all those
other factors in so far as its mRNA abundance was increased
already at 6 hpi, not only in liver, but also in spleen and head
kidney. Early stimulation of the expression of this factor in
several immune organs connects its activation to the very
early events of mounting an immune defense. A prominent
function of IRAKI in mammals is its integration into the
Myddosome, which is built up around the activated TIR
domain of TLRs [8]. Viral infection of the grass carp was
demonstrated to recruit Irakl to the cell membrane possibly
indicating that it is recruited to transmembrane TLRs [58].
Relating this information with our data could suggest that
rate-limiting low levels of irakl factors might constrain TLR
signaling in healthy trout and its organs. Given the absence
of strong transcriptional tIr regulation in trout, this would
conceptually allow shifting the regulatory level of the TLR
signaling cascade away from the transcriptional regulation of
some key receptors (such as TLR2 and TLR4 in mammals)
towards the expression level of rate-limiting downstream
factors.

Moreover, IRAKI is also the factor being functionally
inactivated by TOLLIP [58, 60]. Intriguingly enough, we
found a consistent and significant upregulation of tollip
expression in liver from 24 hpi onwards. This conceivably
reflects the dampening of the synthesis of acute-phase factors.
Hence, the data altogether allow the conclusion that Irakl
plays a prominent role in controlling the activity of TLR
signaling in trout. Clearly, validation of this hypothesis would
require a different experimental approach.

4.3. Trout Combats A. salmonicida Infection through Fast
Recruitment of Myeloid Cells. Fast and strong recruitment of
myeloid cells into the peritoneum indicates that the infected
fish were prepared to combat the infectious pathogens. This
almost instantaneous reaction against the invaders was in
stark contrast to the sluggish modulation of the expression of
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factors contributing to the TLR signaling cascade. Recogniz-
ing the presence of pathogens by the host activated vibrantly
the immune defense. The first step consisted of mounting a
massive cellular defense to fight off the bacteria rather than
inducing resilience or tolerance. Those myeloid cells (con-
ceivably monocytes/macrophages and granulocytes), having
been recruited into the peritoneum, belong to the cellular
arm of innate immune defense. The second step of harnessing
cellular immune mechanisms consisted of activating lym-
phoid cells, which belong to the adaptive branch of immune
defense. The activation of adaptive immunity involves time-
consuming processes such as induction of cell proliferation
and cellular redifferentiation. Only then, significant amounts
of cells might start migrating out from their site of prolifer-
ation and maturation to the site of infection. Our RT-qPCR
data suggest belated onset of adaptive immunity, which was
not surprising. It took more than 12 hpi for a considerable
amount of the cells of the B-type lineage to probably move
out from their reservoir in the head kidney [61] into the
peritoneum. At the same time, the T lymphocytes presumably
started moving into this organ, conceivably to be functionally
primed by relevant antigen-presenting cells.

5. Conclusions

The presence of infectious A. salmonicida is quickly recog-
nized by trout since the expression of key cytokine-encoding
genes is instantaneously induced. However, even the severe
infection with high doses of this Gram-negative pathogen
only modestly regulated the expression of most tr genes in
immune organs indicating a mainly constitutive expression
of these factors. We suggest that the limited abundance
of Irakl constrains their activity. No specific TLR could
be singled out as a dominant receptor for perceiving the
presence of A. salmonicida, albeit that TIr22a2 was quickly
and strongly induced after infection. Rather, this factor
is known to be regulated by several nonrelated stimuli
and might serve as unspecific alarm switch. The massive
recruitment of granulocytes and monocytes/macrophages
into the peritoneum highlights their pivotal importance.
Hence, recruitment of cellular factors of innate immunity
rather than induced expression of pathogen receptors is of
key importance for mounting a first immune defense against
invading A. salmonicida.
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