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Due to their ability to present foreign antigens and prime naïve T cells, macrophages,

and dendritic cells (DCs) are referred to as professional antigen-presenting cells (APCs).

Although activated macrophages may function as APCs, these cells are particularly

effective at directly engaging pathogens through phagocytosis, and production of

antimicrobial compounds. On the other hand, DCs possess superb antigen-presenting

and costimulatory capacity and they are essential for commencement and regulation

of adaptive immune responses. In in vitro models, development of mature mammalian

DCs from monocytes requires sequential exposure to growth factors (including GM-CSF

and IL-4) and proinflammatory stimuli such as toll-like receptor (TLR) ligands. Currently,

except for IL-4/13, neither orthologs nor functional analogs of the growth factors

which are essential for the differentiation of mammalian DCs (including GM-CSF

and FLT3) have been identified in teleosts and data about differentiation of piscine

APCs is scant. In the present study, primary salmon mononuclear phagocytes (MPs)

stimulated in vitro for 5–7 days with a B-class CpG oligodeoxynucleotides (ODN

2006PS) underwent morphological differentiation and developed “dendritic” morphology,

characterized by long, branching pseudopodia. Transcriptional profiling showed that

these cells expressed high levels of proinflammatory mediators characteristic for M1

polarized MPs. However, the cells treated with CpGs for 7 days downregulated their

surfaceMHCII molecules as well as their capacity to endocytose ovalbumin and exhibited

attenuated allostimulatory activity. This concurred with transcriptional downregulation of

costimulatory CD80/86 and upregulation of inhibitory CD274 (B7-H1) genes. Despite

their exhausted allostimulatory activity, these cells were still responsive to re-stimulation

with gardiquimod (a TLR7/8 ligand) and further upregulated awide array of immune genes

including proinflammatorymediators such as intereukin-1 beta and tumor necrosis factor.

Overall, the presented data highlight the disparate effects TLR ligands may have on the
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proinflammatory status of APCs, on one side, and their antigen-presenting/costimulatory

functions, on the other. These findings also indicate that despite the poor phylogenetic

conservation of the growth factors involved in the differentiation of DCs, some of the

processes that orchestrate the development and the differentiation of professional APCs

are conserved between teleosts in mammals.

Keywords: mononuclear phagocytes, antigen-presenting cells, dendritic cells, CpG oligodeoxynucleotides,

Atlantic salmon, teleosts

INTRODUCTION

The mononuclear phagocyte (MP) system comprises circulating
monocytes, tissue resident macrophages, and monocyte-derived
DCs. The most important unifying properties of MPs are
their common myeloid origin and their potential to serve as
professional APCs. These professional APCs are innate immune
cells; however they are very important for the commencement
of the adaptive immune response (1, 2). More specifically, they
are indispensable for the activation of naïve T cells by protein
antigens and are essential for themaintenance of tolerance to self-
antigens. The MP system is phylogenetically conserved and cells
resembling mammalian monocytes, macrophages, and DCs have
been identified across different vertebrate classes (3–5).

Although macrophages are mainly engaged in direct
elimination of pathogens through endocytosis and production
of antibacterial agents, they are also capable of presenting
foreign antigens and priming naïve T cells (6). These cells have
been studied extensively in fishes and the specifics of their
development and functional diversity (including development of
M1 and M2 functional phenotypes) within teleosts have recently
been covered in review articles (7, 8).

DCs were initially “baptized” by Ralf Steinman based on
their morphology characterized by long, branching pseudopodia
(9). A unifying characteristic of DCs is their superior capability
to activate naïve T cells through presentation of MHCI and
II-associated foreign antigens and costimulatory molecules on
their surface (2, 10). Studies on mammalian DCs have been
facilitated by development of protocols for in vitro generation of
large numbers of DCs (11–14). Myeloid DCs can be generated
in vitro following incubation of monocytes with GM-CSF and
IL-4 for up to 5 days. This results in development of a
relatively homogeneous population of immature DCs which
require further activation with microbial products such as
lipopolysaccharide, bacterial DNA, and double stranded RNA or
cytokines such as TNF-α in order to achieve a mature state (15).
The maturation of DCs is hallmarked with increased expression
of MHCII and costimulatory molecules (e.g., CD80, CD86) on
their plasma membrane and decreased ability to endocytose
soluble antigens.

Piscine DC-like cells have been described in vivo in different
teleost species including salmonids, zebrafish, and medaka
(16–21); however, lack of protocols and tools for large-scale
production of mature fish DCs in vitro has hampered further
characterization of these cells. Homologs of most of the
major cytokines and growth factors involved in activation and

differentiation of various leukocyte types have been identified
and isolated in fish. However, the essential growth factors—GM-
CSF and FMS-like tyrosine kinase three ligand (FLT3L) used to
differentiate mammalian DCs in vitro (11, 22) have not been
identified in any fish species suggesting that orthologs of these
genes may be absent below the level of tetrapods.

We have previously reported that 24 h in vitro stimulation
of salmon mononuclear phagocytes with class B CpGs, a ligand
for TLR9 and TLR21 (23, 24) upregulates a number of immune
genes some of which are highly expressed in mature DCs (25).
However, data about the effects of TLR ligands on antigen-
presenting functions of piscine APCs are still scarce. In the
current study, we have investigated the effects of long-term in
vitro stimulation with TLR ligands, including CpG-B (2006PS)
and polyI:C (a TLR3/22 ligand), on primary salmon MPs. The
propensity of the CpG stimulation to induce differentiation
of MPs as shown by appearance of cells with “dendritic”
morphology prompted us to investigate the phenotypical and the
functional characteristics of these APCs. We further discuss the
capacity of the CpG stimulation to induce a proinflammatory,M1
transcriptional profile but an exhausted allostimulatory activity
of salmon APCs.

MATERIALS AND METHODS

Fish
Atlantic salmon (Salmo salar) strain Aquagen standard
(Aquagen, Kyrksæterøra, Norway) was obtained from the
Tromsø Aquaculture Research Station (Tromsø, Norway). The
fish were kept at about 10◦C in tanks supplied with running
filtered water and were fed on commercial, dry food (Skretting,
Stavanger, Norway). All experiments were approved by the
national committee for animal experimentation (Norwegian
Animal Research Authority) and performed according to
its guidelines.

Reagents
Phosphorothioate-modified CpG-B (5′-TCGTCGTTTTGTCGT
TTTGTCGTT-3′) were purchased from Thermo Scientific and
polyI:C from InvivoGen. Cy5-conjugated CpG-B was obtained
from Eurogentech. The antibodies against the β-chain of salmon
MHCII and TLR9 have been previously described (25, 26).
The antibody against actin was purchased from Sigma Aldrich
(A2066). CellTraceTM Violet, CellTraceTM CFSE, AlexaFluor546,
and Ova-Alexa488, were purchased from Life technologies.
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Isolation of Leukocytes From
Atlantic Salmon
HK and spleen leukocytes were isolated as described (27). The
density of the leukocyte suspensions was adjusted to 7 × 106

cells/ml and the cells were incubated in 6-well plates (21 ×

106 of cells/well) in L-15, supplemented with 0.1% fetal bovine
serum (FBS) for 24 h before washing. In addition to displaying
classical MP morphology, the adherent HK leukocytes were able
to phagocytose large amounts of yeast cell wall particles (data not
shown), endocytosed, and processed large amounts of ovalbumin
(27) and expressed high levels of markers for MPs including the
macrophage colony stimulator factor receptor (CSF-1R) and the
macrophage scavenger receptor MARCOmRNAs (28). Adherent
HK MPs (stimulators) and non-adherent spleen lymphocytes
(responders) were washed and incubated in L-15 supplemented
with 5% FBS, penicillin (10 U/ml), streptomycin (10 mg/ml) as
described below.

Mixed Leukocyte Reactions (MLRs)
The adherent HK MPs were either left non-stimulated or treated
with 2µM CpG-B for 24 h or 7 days and were harvested
on ice using Ca/Mg-free PBS/100mM EDTA. Stimulators and
responders were stained with CellTraceTM CFSE and CellTraceTM

Violet, respectively. Staining of stimulators with CFSE was used
to distinguish them from proliferating responders with reduced
CellTraceTM Violet staining. The cells were washed with PBS
and stained with 2µM dye at 106cells/mL density for 10min at
room temperature. After staining, the cells were washed three
times with L-15, 5% FBS using a 15min interval between each
washing. Responders were mixed with both non-stimulated and
CpG-treated stimulators from the same or other individuals in
duplicates at 2:1 ratio (1× 105/0.5× 105 cells) in 96-well round-
bottom plates and incubated for 3, 5, 7, and 14 days before flow
cytometry analysis. Fifty per cent of the medium was refreshed at
3-day intervals.

Flow Cytometry
To investigate the surface expression of MHCII together with
the Ova and CpGs uptake capacity, non-stimulated and CpG-
stimulated (2µM, 7 days) MPs were incubated with 10µg/ml of
Ova-Alexa488, or 2µM CpG-Cy5 conjugates for 1 h. The cells
were harvested on ice using Ca/Mg-free PBS/100mMEDTA. The
samples were washed with ice-cold PBS and incubated with a
polyclonal salmonMHCIIβ antibody (1,000-fold dilution) for 1 h
in PBS, 5% FBS on ice. The secondary Alexa546 goat anti-rabbit
antibody was diluted to 1µg/ml in PBS, 5% FBS and the cells were
incubated for 30min on ice prior to washing, and flow cytometry.
Samples from the MLRs (described in the previous paragraph)
were harvested and analyzed directly without staining. The cells
were analyzed using FACSAria (Becton Dickinson). Statistical
analysis was performed with Student’s t-test.

Confocal Microscopy
MPs cultured on 15mm coverslips in 24-well plates cell culture
plates (Falcon) were either left non-stimulated or treated with
2µM CpGs for 7 days. The cells were then incubated with

2µM CpG-Cy5 for 1 h, stained and analyzed as previously
described (24).

Microarray Analysis
MPs were stimulated with 2µM CpGs and 20µg/ml of polyI:C
and sampled after 24 h and 7 days. Control cells were left non-
stimulated. On day 6, Gardiquimod (1µg/ml) was added to
restimulate the cells and RNA samples were harvested from
the restimulated and the non-restimulated cells on day 7.
Cells from three individuals were stimulated in parallel. Gene
expression was analyzed using the salmonid oligonucleotide
microarray (SIQ2.0, NCBI GEO platform GPL10679) (29)
consisting of 21K features printed in duplicates on 4 × 44K
chips produced by Agilent Technologies (CA, USA). Two-
color hybridizations were applied, where test samples labeled
with Cy5 dye were competitively hybridized against control
samples labeled with Cy3 dye per array. Concentration of
total RNA was measured with NanoDrop 1,000 Spectrometer
(Thermo Scientific, Waltham, MA, USA) and quality was
assessed using Agilent 2100 Bioanalyzer with RNA Nano kits
(Agilent Technologies). Samples with RNA integrity number
(RIN) of eight or higher were accepted for microarray analyses.
RNA from cells obtained from two individuals was pooled and
used for the analysis. Unless specified otherwise, all reagents
and equipment used for microarray analyses were from Agilent
Technologies. RNA amplification and labeling were performed
using Quick Amp Labeling Kits, Two-Color, and RNA Spike-
In Kits, Two-Color following the manufacturer’s protocol for 4
× 44K microarrays; each reaction used 500 ng of total RNA.
Gene ExpressionHybridization Kit was used for fragmentation of
labeled RNA. Hybridizations to microarrays were performed in
hybridization oven (Agilent Technologies) at 65◦C and rotation
speed of 10 rpm. Arrays were washedwithGene ExpressionWash
Buffers 1 and 2 and scanned with a GenePix 4,100A (Molecular
Devices, Sunnyvale, CA, USA). GenePix software was used
for spot-grid alignment, feature extraction, and quantification.
Assessment of spot quality was done with aid of GenePix flags.
After filtration of low quality spots, Lowess normalization of
log2-expression ratios was performed. The replicates showed
close concordance of gene expression profiles (Pearson r = 0.93
± 0.01). Features with >2-fold change in both samples per
treatment were selected as differentially expressed.

Cell Surface Protein Isolation and Mass
Spectrometry Analysis
Twenty ml of HK leukocyte suspensions (7 × 106/ml) were
seeded in T75 flasks (BD Biosciences) and allowed to adhere
overnight. Following washing, adherent MPs were further
incubated without stimulation or treated with 2µM CpGs for 7
days. Cells from two individuals with confluence of 80–90% were
selected for isolation of cell surface proteins using Pierce R© Cell
Surface Protein Isolation Kit (Thermo Scientific) and following
manufacturer’s instructions. Briefly, the cells were rinsed with
ice-cold PBS and cell surface proteins were labeled with 10ml
of Sulfo-NHS-SS-Biotin solution for 30min at 4◦C. Following
a quenching reaction, the cells were collected with a scraper,
washed with TBS, lysed with 500µL of Lysis Buffer and subjected
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to low power sonication on ice. Biotinylated proteins in clarified
supernatants were captured using NeutrAvidin Agarose at RT
for 1 h. The proteins were eluted from the agarose beads using
SDS sample buffer, 50mM DTT at RT for 1 h and subjected
to SDS PAGE and Coomassie staining. Gel bands of interest
were excised and subjected to in-gel reduction, alkylation, and
tryptic digestion using 6 ng/µl trypsin (V511A, Promega).
Peptide mixtures containing 1% formic acid were loaded onto a
nanoAcquityTMUltra Performance LC (Waters), containing a 3-
µm Symmetry R© C18 Trap column (180µm × 22mm) (Waters)
in front of a 3-µm AtlantisTM C18 analytical column (100µm
× 100mm)(Waters). Peptides were separated with a gradient
of 5–90% acetonitrile, 0.1% formic acid, with a flow of 0.4
µl/min eluted to a Q-TOF Ultima Global mass spectrometer
(Micromass/Waters), and subjected to data-dependent tandem
mass spectrometry analysis. Peak lists were generated by the
ProteinLynx Global server software (version 2.1), and the
resulting pkl files were searched against the NCBInr 20090214
protein sequence database using MASCOT search engine (http://
www.matrixscience.com/). Peptide mass tolerances used in the
search were 100 ppm, and fragment mass tolerance was 0.1 Da.

Western Blot Analysis (WB)
The flow-through lysates which contain proteins that did not
bind to Neutravidin and LDS eluates, enriched in biotinylated
proteins were analyzed as previously described (25). Briefly,
samples dissolved in 4 X LDS were run on NuPAGE Novex
Bis-Tris 4–12% gels (Invitrogen) in MOPS running buffer. The
proteins were transferred to PVDF membranes, blocked (Tris-
buffered saline, 5% BSA, 0.1% Tween-20) for 1 h, and incubated
overnight with primary Abs (1: 1000 dilution for MHCII and
1:100 for the actin antibody) followed by 1 h of incubation with
the secondary HRP-conjugated antibodies (1: 10 000 dilution).
The blots were developed with SuperSignal West Pico substrate
(Pierce, Rockford, IL, USA).

RESULTS

Prolonged in vitro Stimulation With CpGs
Leads to Morphological Differentiation of
Salmon MPs and Development of Cells
With “Dendritic” Morphology
When adherent salmon head kidney (HK) MPs were stimulated
in vitro for >5 days with CpGs (2µM) many of the
cells developed relatively long, branching pseudopodia, a
morphological feature manifested by DCs (9) and, in some
cases, M1 macrophages (30) (Figure 1A). This was not observed
when cells were stimulated in parallel with polyI:C (20µg/ml).
After 7 days of treatment with CpGs, cells that had the original
macrophage-like morphology were also present. A time lapse
imaging showed that while many of the cells retained their
dendritic-like morphology, the shape of some of the CpG-
stimulated cells was dynamic as they could transition between
dendritic-like to macrophage-like and vice versa morphology
within a time span of 90min (Figure 1B).

FIGURE 1 | Salmon MPs develop dendritic morphology following prolonged

treatment with CpGs. (A) Images of non-stimulated MPs and cells stimulated

for 7 days with 2µM CpGs and 20µg/ml of polyI:C. The arrow indicates a

typical DC-like cell observed in the CpG-treated samples. (B) Dynamic

reorganization of the morphology of CpG-treated MPs. Cells were stimulated

as in panel A and images were taken at 30min intervals over a period of

90min. The arrow points at elongated DC-like cell which changes morphology

into a more rounded macrophage-like cell. The arrowhead indicates a cell

which undergoes the opposite changes. Images were taken at X200

magnification.

CpGs Upregulate Allostimulatory Activity
and Surface MHCII Expression in Salmon
MPs After a Short but Not After a
Prolonged Treatment
In order to estimate the allostimulatory capacity of non-
stimulated MPs and cells stimulated with CpGs for 24 h and 7
days we performedMLRs with spleen lymphocytes from different
individuals. The experimental conditions were chosen based
on preliminary experiments using responders from spleen, HK,
and blood (results not shown). Spleen lymphocytes depleted of
adherent cells showed the highest response and were further
used in the study. Using a CellTraceTM Violet Cell Proliferation
Kit we found that unlike autologous MPs, stimulators from
other individuals incubated with responder spleen lymphocytes
for 2 weeks induced modest spleen cell proliferation of the
total population as indicated by the increased percentage of
responders with reduced amount of dye. No significant response
was observed in MLRs incubated for 3, 5, and 7 days (data
not shown). The analysis setup of the flow cytometry data is
shown in Figure 2A—proliferating responders are located in the
lower left quadrant of the dot plots due to reduced CTV staining
while CFSE staining was used to gate out stimulators. Incubation
of splenocytes with stimulators from other individuals that
had been stimulated with CpGs for 24 h induced significant
proliferation response (p< 0.05), whereas autologous stimulators
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and MPs stimulated with CpGs for 7 days prior to MLRs
did not induce significant splenocyte proliferation (Figure 2B).
CpG-B have been previously shown to be a potent mitogen
for salmon splenocytes (31) and in the current study direct
stimulation of responders with CpGs for 2 weeks was used as a
positive control for the proliferation assay (Figure 2C). The CpG-
induced proliferation of salmon leukocytes requires relatively
high concentrations of CpGs (>0.5µM) (31). This, as well as
the fact that autologous stimulators treated with CpGs for 24 h
and MPs stimulated for 7 days prior to MLRs did not induce
significant splenocyte proliferation, indicates that the observed
MLR response was not due to carryover of residual CpGs. In all
of the experiments, the responders were cultured in vitro for the
same period (15 days).

Using flow cytometry, the surface expression of MHCII
and the level of Ova uptake were measured and compared
between CpG-stimulated and non-treated HK-derived MPs. The
representative results shown in Figure 3 demonstrate that there
was a slight increase of MHCII expression 1 day after the cells
were exposed to CpGs, while on day 7 the surface expression on
MHCII was substantially reduced. The uptake of fluorescent Ova
was reduced on day 1 and was even lower on day 7.

In contrast to Ova endocytosis, the uptake of CpG ODNs
was not affected in cells pre-treated with CpGs for 7 days. In
the experiment presented in Figure 4 cells were treated with
CpGs for 7 days and then incubated with fluorescent CpG-
Cy5 ODNs for 1 h prior to flow cytometry (Figure 4A) and
immunostaining/confocal microscopy (Figure 4B). The results
demonstrate that neither the level of uptake of CpGs ODNs
nor the ability to accumulate the ODNs within TLR9-positive
intracellular compartments was affected in the CpG-treated cells.

Transcriptional Response to Long-Term
CpG and PolyI:C Stimulation.
CpG-Pretreated Salmon MPs Retain Ability
to Upregulate Proinflammatory Genes
Upon Restimulation With Gardiquimod
The differentiation and maturation of APCs is a complex
process in which the cells undergo a thorough transcriptomic
reprogramming (32). Here, using a microarray platform we have
analyzed the transcriptional response of salmon MPs to the
long-term stimulation with CpGs and polyI:C. The latter, unlike
CpGs, did not induce similar morphological differentiation of
salmon MPs although it had a superior capacity to induce
upregulation of IFN-stimulated genes (ISGs) after 24 h of
stimulation (Figure S1). The results from the microarray analysis
demonstrated that, after 7 days of stimulation, CpGs both up-
and downregulated larger number of genes as compared to the
polyI:C treatment (Figure 5). Unlike polyI:C, the CpG treatment
upregulated proinflammatory cytokines (IL-1β, TNF2/3), genes
associated with inflammation (including SAA and MMP9)
and secreted TNF receptor superfamily (TNFRSF) members—
TNFRSF11B and TNFRSF6B (Figure 6, Figure S2).

Among genes known to be implicated in the antigen-
presenting functions of APCs, the CpG stimulation upregulated
CD83, and the inhibitory B7-H1 (PDL1, CD274) molecule while

it downregulated the expression of MHCII, CD80/86, and CCR9
homologs (Figure 6, Figure S2).

Interestingly, although, as mentioned above, after 24 h of
stimulation, polyI:C upregulated ISGs to a much higher extent
as compared to CpGs, after 7 days of stimulation, the opposite
was observed for many key ISGs such as CXCL10 (IP-10), Vig1,
Mx, SOCS1, STAT1, and RIG-I as well as type II IFN homologs
(Figure 6, Figure S2).

After 6 days of stimulation, the cells were restimulated with
Gardiquimod (a TLR7/8 ligand) in order to investigate if the
CpG- and polyI:C-treated cells retained their potential to respond
to stimulation with TLR ligands. Compared to non-pretreated
cells, Gardiquimod restimulation up- and downregulated fewer
genes in CpG and polyI:C pretreated cells (Figure 5) indicating
that the pretreatment modulated but did not completely suppress
the potential of the cells to respond to secondary stimulations
with TLR ligands. Figure 6 shows the expression of selected
groups of immune genes including cytokines and other immune
mediators, receptors, and cell markers and ISGs. Upregulation
of many of the selected genes was suppressed by the CpG and,
to a lower extent, by the polyI:C pretreatments. Some of the
genes whose upregulation was not repressed and was further
upregulated in CpG- pretreated cells included proinflammatory
cytokines (IL-1β , IL-22, and TNF2), and secreted TNF receptor
family members (TNFRSF11B and TNFRSF6B). Interestingly,
many ISGs were among the genes whose upregulation was
suppressed by the pretreatment including RIG-I, IFN-inducible
Gig1, IRF3, STAT1, as well as IFN-γ. Many of the genes listed
in Figure 6 can be assigned to more than one of the three
categories. Therefore, it should be mentioned that the expression
of immune receptors and cell markers, including CD64, CD83,
CD40, and the M-CSF receptor, is known to be regulated by IFNs
(33–36) and their gardiquimod-induced upregulation was also
suppressed in CpG-pretreated cells.

The microarray data was validated using real-time PCR
analysis in which samples from three individuals were analyzed
separately. As demonstrated in Figure S2, except for the lower
values, a commonly observed phenomenon caused by the lower
dynamic range of the microarray analysis as compared to
that of the real-time PCR, the two types of analysis produced
similar results. The sequences of the primers used in the real-time
PCR analysis are shown in Table S1.

Identification of Differentially Expressed
Cell Surface Proteins on Non-stimulated
and CpG-Treated Salmon MPs
To further define features that are characteristic for CpG-treated
MPs, expression of surface proteins upon CpG-treatment were
examined by mass spectrometry and compared to non-treated
cells. Samples acquired using the cell surface protein isolation
kit were analyzed with WB in order to estimate the efficiency of
the protein purification. Compared to the flow-through lysates
the pull-down samples are expected to be depleted of proteins
which are not directly associated with the plasmamembrane. The
results shown in Figure 7A demonstrate that compared to the
flow-through samples, the pull-down samples contained more
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FIGURE 2 | Short, but not prolonged treatment of salmon MPs with CpGs upregulates their allostimulatory activity. (A), adherent HK MPs were stained with CFSE

upon 24 h of stimulation with 2µM CpGs. Splenocytes stained with CellTrace Violet (CTV) were used as responders. The dot plots show that a significant number of

stimulators take up CTV which necessitates their staining with CFSE in order to distinguish them from proliferating responders with reduced CTV staining. The

CFSE-negative events were gated and displayed in histograms to quantify the percentage of proliferating splenocytes with reduced CTV staining. In the representative

histogram (bottom right), responders were cultured with non-stimulated (NS) MPs from another individual (filled gray area), and stimulators pretreated with CpGs for

24 h (black contour). (B), Stimulators pretreated with CpGs for 24 h but not 7 days show increased allostimulatory capacity (n = 5). Autologous stimulators did not

significantly activate splenocyte proliferation even after pretreatment with CpGs for 24 h (*p < 0.05). (C), Direct CpG stimulation of responders was included as a

positive control for cell proliferation (n = 4). In all of the experiments, the responders were cultured in vitro for 15 days.

FIGURE 3 | CpG stimulation reduces antigen uptake capacity of MPs and, after a prolonged treatment, downregulates surface MHCII expression. MPs were either left

untreated or stimulated with 2µM CpGs for 1 and 7 days, as indicated. The cells were incubated with 10µg/ml of Ova conjugated with AlexaFluor-488 for 1 h prior to

harvesting and analysis using flow cytometry. The numbers in the individual histograms show the mean fluorescence intensities of the stained samples (black contours).

The non-stained samples are represented with filled gray contours. Representative results from two experiments with cells from different individuals are shown.
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FIGURE 4 | Cells stimulated with CpGs for 7 days retain capacity to take up CpG ODNs and to translocate them into TLR9-positive endocytic compartments.

(A) MPs were either left non-stimulated (blue contour) or were treated with 2µM CpGs for 7 days (orange contour) prior to incubation with fluorescent (CpG-Cy5)

ODNs for 1 h and flow cytometry analysis. The filled gray contour represents cells incubated without fluorescent CpGs. (B) Non-stimulated cells (NS) and cells

pretreated with CpGs for 7 days were incubated with CpG-Cy5 for 1 h prior to fixation, permeabilization, and staining of intracellular TLR9. The endocytosed CpGs

were visualized in the far-red channel and are shown in green pseudocolor. The nuclei were stained with SYTOX Green (blue pseudocolor). The colocalization between

TLR9 and CpG-positive vesicles (yellow color) is indicated with arrows in the merged images.

FIGURE 5 | Microarray analysis—transcriptional response of salmon MPs to long term stimulation with polyI:C and CpGs and restimulation with gardiquimod. MPs

were left non-stimulated (NS) or stimulated with 2µM CpGs or 20µg/ml of polyI:C. After 6 days, samples were restimulated with 1µg/ml of Gardiquimod and RNA

from both non-restimulated (NRS) and restimulated samples was sampled on day 7. Pooled RNA samples of cells from two individuals were analyzed using a

salmonid oligonucleotide microarray. Features with fold change values of +2 and −2 as compared to the NS samples were considered up- and downregulated,

respectively. The histograms show the total numbers of up- and downregulated features in the different samples. The Venn diagrams show the numbers of common

and unique up- and downregulated genes among the samples.

MHCII while the actin levels were barely detectable, thereby
confirming the efficiency of the cell surface isolation procedure.

Major SDS PAGE protein bands present in samples of cell
surface proteins from non-stimulated MPs and cells treated with
CpGs for 7 days were isolated and analyzed using tandem mass
spectrometry (MS/MS). Samples from cells of two individuals
were run in parallel and consistently regulated bands were

selected for the analysis (Figure 7B). The analysis identified
CD45 in a high molecular weight band that was upregulated by
the CpG treatment. Another high molecular weight band which
appeared to be downregulated in CpG-treated samples contained
clathrin whereas CD18, an integrin involved in cell adhesion, was
identified in a major band that did not seem to be regulated by
the treatment in any of the two analyzed individuals. The HSP70
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FIGURE 6 | Microarray heat map showing the expression of selected immune genes. The numbers show the “fold change” values as compared to non-stimulated

cells. The heat map legend is shown in the lower right corner. Note, that genes of interest have been tentatively assigned to three groups; however, many of them can

be assigned to more than one group. Arrows indicate genes whose expression is at least 1.9-fold higher or lower in CpG + Gardiquimod samples as compared to

samples stimulated only with Gardiquimod.

family members GRP78 and HSP70 were identified in bands
which appeared to be slightly upregulated by the CpG treatment.

DISCUSSION

In the current study, long-term in vitro stimulation (>5 days)
with CpGs induced functional and phenotypical differentiation
of salmon MPs. Although these cells developed dendritic
morphology and an M1-like proinflammatory transcriptional
profile, they downregulated their surface MHCII expression, and
had an impaired allostimulatory capacity.

The differentiation of MPs into cells with dendritic
morphology appeared to correlate with upregulation of
proinflammatory genes since cells stimulated in parallel with
polyI:C did not exhibit similar morphological changes and
had fewer inflammatory mediators upregulated after 7 days of
stimulation. At the same time, the polyI:C-stimulated cells had
some IFN-inducible genes upregulated at levels compared to, or
even exceeding those in CpG-stimulated cells.

The term “dendritic cell” was introduced by Ralf Steinman,
reflecting the specific morphology of DCs isolated from
peripheral lymphoid organs (9). However, it should be noted that,
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FIGURE 7 | Mass spectrometry analysis of cell surface proteins of

non-stimulated and CpG-treated salmon MPs. The cells were either left

non-stimulated or were stimulated with CpGs for 7 days. Cell surface proteins

were labeled with biotin and purified as described in Materials and methods.

(A) The efficiency of the cell surface protein purification was confirmed with

WB analysis. Flow-through and pull-down samples enriched in proteins

associated with cell surface from control non-stimulated and CpG-stimulated

cells were run on SDS PAGE and protein levels of MHCII-β and actin were

detected with polyclonal antibodies. (B) Samples enriched in cell surface

proteins isolated from cells of two individuals were run in parallel on

SDS-PAGE, and stained with Coomassie. Bands of interest were excised, and

subjected to MS/MS analysis. The table below the gel image lists identified

proteins in bands whose ID numbers are indicated on the gel image.

under specific conditions, macrophages stimulated with LPS and
IFN-γ may also adopt a similar morphology (30), characterized
by long, branching pseudopodia. Therefore, considering all of the
data we have obtained in this study, it would be more pertinent
to conclude that the salmon MP cultures stimulated for 7 days
with CpGs were enriched in activated M1 macrophages rather
than DCs.

As with other types of primary cell cultures, the
starting cultures of adherent salmon leukocytes were not

homogenous and, most likely, included monocytes and
macrophages at different developmental stages. However,
the observation that the cells concertedly downregulated
MHCII expression and the Ova uptake capacity suggests
that the CpG-induced differentiation of these cells was
relatively synchronized.

Similar to mammalian DCs, the shape of the CpG-stimulated
salmon MPs was quite dynamic as the dendrites retracted and
expanded in different directions within minutes. As speculated
elsewhere, this property likely contributes to the antigen
presenting function of DCs by allowing the APCs to scan a larger
area and facilitate the capture of antigens (37). Regardless of the
morphological differentiation, in our study, the CpG treatment
downregulated the ability of the MPs to endocytose ovalbumin
as soon as 24 h and even further at 7 days poststimulation.
The fact that the capacity of the cells to take up CpGs was
not attenuated indicates that the CpG stimulation affected
only specific endocytic pathways, likely mannose receptor- or
scavenger receptor-mediated endocytosis.

Upon maturation, DCs upregulate surface MHCII but lose
their ability to take up and process soluble antigen (38, 39).
In the current work, the downregulation of the capacity of
CpG-stimulated MPs to take up ovalbumin may be considered
as an indication that these APCs underwent a similar process
of maturation. However, the transient upregulation followed
by downregulation of surface MHCII expression after 7 days
of treatment with CpGs indicated that during cultivation, the
cells developed an exhausted or tolerogenic phenotype which
was confirmed by the loss of their allostimulatory activity. It
is not likely that this was due to reduced viability or a general
loss of functionality since the cells retained ability to take
up CpGs and to accumulate them in TLR9-positive endocytic
compartments. In addition, although the cells responded to
restimulation with Gardiquimod by upregulating fewer genes as
compared to cell that had not been pretreated, they were still
able to upregulate expression of a number of proinflammatory
mediators. This indicates that the CpG-pretreated salmon MPs
are not exhausted per se but, as reported elsewhere, might
have been reprogrammed to respond differently to secondary
stimuli (37).

Obviously, the MHCII downregulation was due to
suppression of MHCII biosynthesis in CpG-stimulated MPs
since the MHCII-β protein levels were downregulated not only
on the cell surface but also in the whole lysates as demonstrated
by the WB analysis. Similarly, stimulation of mouse peritoneal
macrophages with CpGs downregulated the biosynthesis and
the surface expression of MHCII (40). However, in that study
the MHCII downregulation was observed after a relatively
short stimulation (18 h) and, unlike in the current work, the
treatment did not suppress the antigen uptake capacity of
murine macrophages.

It has been shown that human monocytes differentiated
into DCs with GM-CSF and IL-4 in the presence of TLR
ligands develop a tolerogenic phenotype (41). This was due to
downregulation of surface MHCII and upregulation of B7-H1,
a suppressor of T-cell activation and a marker for tolerogenic
DCs (42). Likewise, we found that the mRNA of B7-H1
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was upregulated in CpG-treated MPs, while the costimulatory
molecule CD80/CD86 was, on the contrary, downregulated.
Furthermore, TNFRSF6B, a secreted TNF decoy receptor which
is known for its capacity to induce tolerogenic phenotype in DCs
and macrophages (43, 44) was also upregulated in these cells.
Since in the current study, there was no concurrent treatment
with GM-CSF, we cannot claim that we have obtained tolerogenic
DCs; nevertheless, our data indicates that at least some of the
mechanisms that control the differentiation and the maturation
of professional APCs in presence of TLR ligands are conserved
between teleosts and mammals.

Gardiquimod is a TLR7/8 ligand and, in the current
study, it induced high expression of both proinflammatory
genes as well as IFNs and IFN-stimulated genes (ISGs). As
mentioned above, in cells pretreated with CpGs and polyI:C,
Gardiquimod upregulated fewer genes as compared to non-
pretreated cells. Furthermore, the level of upregulation of many
genes in the former samples was generally lower as compared
to the latter. A possible explanation for this is that the effect
of Gardiquimod was likely influenced by autocrine factors.
In this regard, it is possible that the attenuated induction
of many of the genes we have observed might be due to
modulation of IFN and cytokine receptor signaling. For example,
SOCS1, which was highly upregulated in the CpG–treated
cells inhibits the signaling initiated by type I and II IFN as
well as cytokines which signal through the common gamma
chain subunit of the interleukin (IL)-2 receptor (45). A strong
negative regulatory activity on IFNa1 and IFN-γ signaling
has also been exhibited by Atlantic salmon SOCS1 (46). It
has been found that SOCS1 expression can be upregulated
directly by CpGs through a STAT-independent mechanism,
a process which resulted in suppression of IFN-γ-, IL-6-,
and GM-CSF-induced STAT1 phosphorylation and prevented
the upregulation of MHCII in murine macrophages (47).
Furthermore, it has also been demonstrated that TLR-induced
SOCS1 expression in DC precursors leads to a blockade of DC
differentiation (48).

Another factor that might have been involved in attenuated
gene upregulation by autocrine factors is CD45. This is a
protein tyrosine phosphatase receptor which, like SOCS1, is
involved in negative regulation of cytokine and IFN receptor
signaling (49). In the current study, the protein analysis indicated
that the CD45 protein was highly expressed on the surface of
CpG-treated cells since the molecule was identified in a high
molecular weight band upregulated by the CpG stimulation. The
Gardiquimod restimulation induced expression of both type I
IFN and IFN-γ and therefore, the attenuated upregulation of
ISGs in CpG-pretreated cells might be, at least in part, due to
the inhibitory action of proteins such as SOCS1 and CD45 on
the autocrine cytokine signaling. On the other hand, the high
expression of ISGs in CpG-treated cells may be explained with
elevated expression of IFN-regulatory factors (IRFs), such as
IRF3 and IRF7 which themselves are ISGs. As we have already
shown, overexpression of transgenic salmon IRF3 and 7 in
different salmonid cell lines is able to activate ISRE-dependent
promoter elements which are essential for the induction of
ISGs (50).

In addition to CD45, the surface protein analysis identified
clathrin heavy chain in a down-regulated band and GRP78 and
HSP70 in a band that appeared to be upregulated by the CpG
treatment. Clathrin is a major protein involved in receptor-
mediated endocytosis (51) and its downregulation might be
related to the suppression of the antigen uptake capacity in
CpG-treated cells. GRP78 and HSP70 are both members of
the family of the HSP70 heat shock proteins and function
in the endoplasmic reticulum as molecular chaperones. In
addition, it has been found that these proteins are secreted
and have been implicated in suppression of the allostimulatory
capacity of APCs (52, 53). Therefore, HSP70 and GRP78
may have contributed to the reduced allostimulatory capacity
of salmon MPs stimulated with CpGs. The downregulation
of clathrin and the binding of HSP70 and GRP78 to the
surface of CpG-treated salmon MPs need to be confirmed using
specific antibodies and might be an interesting objective for
future studies.

In summary, CpGs induced in vitro differentiation of salmon
MPs into cells with dendritic morphology, an M1 transcriptional
profile but exhausted allostimulatory phenotype and functions.
These findings demonstrate that, despite the poor phylogenetic
conservation of the growth factors involved in the differentiation
of DCs, the major processes that orchestrate the effects of TLR
ligands on the development of APCs are conserved between
teleosts in mammals. These data also emphasize on the fact
that the potent immunostimulatory properties of a TLR ligand
would not necessarily translate into enhanced APC functions
and highlight the complexity of the activation of fish immune
cells by TLR ligands which may be used as potential adjuvants
in the aquaculture.

DATA AVAILABILITY

The microarray data presented in this publication has been
deposited in the NCBI’s Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo/) and is available under the
accession number GSE126993.

AUTHOR CONTRIBUTIONS

DI designed, performed experiments, analyzed data, and
prepared the manuscript. JJ participated in experimental
design, data analysis, and manuscript writing. LL and HT
were involved in cell culture experiments and assisted with
manuscript preparation. AK and SJ designed and performed
the microarray analysis and assisted with data analysis, and
manuscript preparation.

FUNDING

This study was supported by Aquaculture program of The
Research Council of Norway (183196/S40 InNoVacc to JJ) and
by funding from the Research Council of Norway (Project No.:
230735/F20) to DI.

Frontiers in Immunology | www.frontiersin.org 10 March 2019 | Volume 10 | Article 378

https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Iliev et al. Effect of CpG Oligonucleotides on Salmon APCs

ACKNOWLEDGMENTS

The authors would like to thank Toril A. Grønset for the mass
spectrometry analysis which was performed at The Tromsø
University Proteomic Platform.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.00378/full#supplementary-material

REFERENCES

1. Hamilos Dl. Antigen presenting cells. Immunol Res. (1989) 8:98–117.

doi: 10.1007/BF02919073

2. Thery C, Amigorena S. The cell biology of antigen presentation

in dendritic cells. Curr Opin Immunol. (2001) 13:45–51.

doi: 10.1016/S0952-7915(00)00180-1

3. Corsaro C, Scalia M, Leotta N, Mondio F, Sichel G. Characterisation

of kupffer cells in some amphibia. J Anat. (2000) 196 (Pt 2):249–61.

doi: 10.1046/j.1469-7580.2000.19620249.x

4. Takahashi K. Development and differentiation of macrophages and related

cells: historical review and current concepts. J Clin Exp Hematop. (2001)

41:1–31. doi: 10.3960/jslrt.41.1

5. Iliev Db, Liarte Cq, Mackenzie S, Goetz Fw. Activation of rainbow trout

(Oncorhynchus mykiss) mononuclear phagocytes by different pathogen

associated molecular pattern (Pamp) bearing agents. Mol Immunol. (2005)

42:1215–23. doi: 10.1016/j.molimm.2004.11.023

6. Pozzi LA, Maciaszek Jw, Rock Kl. Both dendritic cells and macrophages

can stimulate naive Cd8T cells in vivo to proliferate, develop effector

function, and differentiate into memory cells. J Immunol. (2005) 175:2071–81.

doi: 10.4049/jimmunol.175.4.2071

7. Hodgkinson JW, Grayfer L, Belosevic M. Biology of bony fish macrophages.

Biology. (2015) 4:881–906. doi: 10.3390/biology4040881

8. Grayfer L, Kerimoglu B, Yaparla A, Hodgkinson JW, Xie J, Belosevic M.

Mechanisms of fish macrophage antimicrobial immunity. Front Immunol.

(2018) 9:1105. doi: 10.3389/fimmu.2018.01105

9. Steinman RM, Cohn ZA. Identification of a novel cell type in peripheral

lymphoid organs of mice. I. morphology, quantitation, tissue distribution. J

Exp Med. (1973) 137:1142–62. doi: 10.1084/jem.137.5.1142

10. Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic dendritic

cells. Annu Rev Immunol. (2003) 21:685–711. doi: 10.1146/annurev.

immunol.21.120601.141040

11. Caux C, Dezutter-Dambuyant C, Schmitt D, Banchereau J. GM-CSF and

TNF-Alpha cooperate in the generation of dendritic langerhans cells. Nature.

(1992) 360:258–61. doi: 10.1038/360258a0

12. Inaba K, Inaba M, Romani N, Aya H, Deguchi M, Ikehara S, et al. Generation

of large numbers of dendritic cells from mouse bone marrow cultures

supplemented with granulocyte/macrophage colony-stimulating factor. J Exp

Med. (1992) 176:1693–702. doi: 10.1084/jem.176.6.1693

13. Sallusto F, Lanzavecchia A. Efficient presentation of soluble antigen by

cultured human dendritic cells is maintained by granulocyte/macrophage

colony-stimulating factor plus interleukin 4 and downregulated

by tumor necrosis factor alpha. J Exp Med. (1994) 179:1109–18.

doi: 10.1084/jem.179.4.1109

14. Weimershaus M, Van Endert P. Preparation of dendritic cells

by in vitro cultures. Methods Mol Biol. (2013) 960:351–7.

doi: 10.1007/978-1-62703-218-6_25

15. Zhou Lj, Tedder Tf. Cd14+ blood monocytes can differentiate into

functionally mature Cd83+ dendritic cells. Proc Natl Acad Sci USA. (1996)

93:2588–92. doi: 10.1073/pnas.93.6.2588

16. Lovy J, Wright GM, Speare DJ. Comparative cellular morphology suggesting

the existence of resident dendritic cells within immune organs of salmonids.

Anat Rec. (2008) 291:456–62. doi: 10.1002/ar.20674

17. Lovy J, Savidant GP, Speare DJ, Wright GM. Langerin/Cd207 positive

dendritic-like cells in the haemopoietic tissues of salmonids. Fish Shellfish

Immunol. (2009) 27:365–8. doi: 10.1016/j.fsi.2009.01.006

18. Aghaallaei N, Bajoghli B, Schwarz H, Schorpp M, Boehm T. Characterization

of mononuclear phagocytic cells in medaka fish transgenic for A

Cxcr3a:Gfp reporter. Proc Natl Acad Sci USA. (2010) 107:18079–84.

doi: 10.1073/pnas.1000467107

19. Lugo-Villarino G, Balla KM, Stachura DL, Banuelos K, Werneck MB, Traver

D. Identification of dendritic antigen-presenting cells in the zebrafish. Proc

Natl Acad Sci USA. (2010) 107:15850–5. doi: 10.1073/pnas.1000494107

20. Granja AG, Leal E, Pignatelli J, Castro R, Abos B, Kato G, et al. Identification of

teleost skin Cd8alpha+ dendritic-like cells, representing a potential common

ancestor for mammalian cross-presenting dendritic cells. J Immunol. (2015)

195:1825–37. doi: 10.4049/jimmunol.1500322

21. Soleto I, Fischer U, Tafalla C, Granja AG. Identification of a potential common

ancestor for mammalian cross-presenting dendritic cells in teleost respiratory

surfaces. Front Immunol. (2018) 9:59. doi: 10.3389/fimmu.2018.00059

22. Mckenna HJ, Stocking KL, Miller RE, Brasel K, De Smedt T, Maraskovsky

E, et al. Mice lacking Flt3 ligand have deficient hematopoiesis affecting

hematopoietic progenitor cells, dendritic cells, and natural killer cells. Blood.

(2000) 95:3489–97.

23. Keestra AM, De Zoete MR, Bouwman LI, Van Putten JP. Chicken Tlr21 is an

innate Cpg DNA receptor distinct from mammalian Tlr9. J Immunol. (2010)

185:460–7. doi: 10.4049/jimmunol.0901921

24. Iliev DB, Skjaeveland I, Jorgensen JB. Cpg oligonucleotides bind Tlr9 and

Rrm-containing proteins in atlantic salmon (Salmo Salar). BMC Immunol.

(2013a) 14:12. doi: 10.1186/1471-2172-14-12

25. Iliev DB, Jorgensen SM, Rode M, Krasnov A, Harneshaug I, Jorgensen JB.

Cpg-induced secretion of mhciibeta and exosomes from salmon (Salmo Salar)

APCS. Dev Comp Immunol. (2010) 34:29–41. doi: 10.1016/j.dci.2009.07.009

26. Skjaeveland I, Iliev DB, Zou J, Jorgensen T, Jorgensen JB. A Tlr9 homolog

that is up-regulated by Ifn-gamma in atlantic salmon (Salmo salar).Dev Comp

Immunol. (2008) 32:603–7. doi: 10.1016/j.dci.2007.10.011

27. Iliev DB, Thim H, Lagos L, Olsen R, Jorgensen JB. Homing of antigen-

presenting cells in head kidney and spleen - salmon head kidney hosts diverse

APC types. Front Immunol. (2013b) 4:137. doi: 10.3389/fimmu.2013.00137

28. Jenberie S, Thim HL, Sunyer JO, Skjodt K, Jensen I, Jorgensen JB. Profiling

Atlantic salmon B cell populations: Cpg-mediated Tlr-ligation enhances Igm

secretion and modulates immune gene expression. Sci Rep. (2018) 8:3565.

doi: 10.1038/s41598-018-21895-9

29. Krasnov A, Timmerhaus G, Afanasyev S, Jorgensen SM. Development and

assessment of oligonucleotide microarrays for atlantic salmon (Salmo salar

L.). Comp Biochem Physiol Part D Genomics Proteomics. (2011) 6:31–8.

doi: 10.1016/j.cbd.2010.04.006

30. Ploeger DT, Hosper NA, Schipper M, Koerts JA, De Rond S, Bank Ra.

Cell plasticity in wound healing: paracrine factors Of M1/ M2 polarized

macrophages influence the phenotypical state of dermal fibroblasts. Cell

Commun Signal. (2013) 11:29. doi: 10.1186/1478-811X-11-29

31. Strandskog G, Ellingsen T, Jorgensen JB. Characterization Of three distinct

Cpg oligonucleotide classes which differ in ability to induce Ifn alpha/beta

activity and cell proliferation in Atlantic salmon (Salmo salar L.) leukocytes.

Dev Comp Immunol. (2007) 31:39–51. doi: 10.1016/j.dci.2006.05.004

32. Tureci O, Bian H, Nestle FO, Raddrizzani L, Rosinski JA, Tassis A, et al.

Cascades of transcriptional induction during dendritic cell maturation

revealed by genome-wide expression analysis. FASEB J. (2003) 17:836–47.

doi: 10.1096/fj.02-0724com

33. Stamenkovic I, Clark EA, Seed B. A B-lymphocyte activation molecule related

to the nerve growth factor receptor and induced by cytokines in carcinomas.

Embo J. (1989) 8:1403–10. doi: 10.1002/j.1460-2075.1989.tb03521.x

34. Hallek M, Lepisto EM, Slattery KE, Griffin JD, Ernst TJ. Interferon-

gamma increases the expression of the gene encoding the beta subunit

of the granulocyte-macrophage colony-stimulating factor receptor. Blood.

(1992) 80:1736–42.

Frontiers in Immunology | www.frontiersin.org 11 March 2019 | Volume 10 | Article 378

https://www.frontiersin.org/articles/10.3389/fimmu.2019.00378/full#supplementary-material
https://doi.org/10.1007/BF02919073
https://doi.org/10.1016/S0952-7915(00)00180-1
https://doi.org/10.1046/j.1469-7580.2000.19620249.x
https://doi.org/10.3960/jslrt.41.1
https://doi.org/10.1016/j.molimm.2004.11.023
https://doi.org/10.4049/jimmunol.175.4.2071
https://doi.org/10.3390/biology4040881
https://doi.org/10.3389/fimmu.2018.01105
https://doi.org/10.1084/jem.137.5.1142
https://doi.org/10.1146/annurev.immunol.21.120601.141040
https://doi.org/10.1038/360258a0
https://doi.org/10.1084/jem.176.6.1693
https://doi.org/10.1084/jem.179.4.1109
https://doi.org/10.1007/978-1-62703-218-6_25
https://doi.org/10.1073/pnas.93.6.2588
https://doi.org/10.1002/ar.20674
https://doi.org/10.1016/j.fsi.2009.01.006
https://doi.org/10.1073/pnas.1000467107
https://doi.org/10.1073/pnas.1000494107
https://doi.org/10.4049/jimmunol.1500322
https://doi.org/10.3389/fimmu.2018.00059
https://doi.org/10.4049/jimmunol.0901921
https://doi.org/10.1186/1471-2172-14-12
https://doi.org/10.1016/j.dci.2009.07.009
https://doi.org/10.1016/j.dci.2007.10.011
https://doi.org/10.3389/fimmu.2013.00137
https://doi.org/10.1038/s41598-018-21895-9
https://doi.org/10.1016/j.cbd.2010.04.006
https://doi.org/10.1186/1478-811X-11-29
https://doi.org/10.1016/j.dci.2006.05.004
https://doi.org/10.1096/fj.02-0724com
https://doi.org/10.1002/j.1460-2075.1989.tb03521.x
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Iliev et al. Effect of CpG Oligonucleotides on Salmon APCs

35. Li Y, Lee PY, Kellner ES, Paulus M, Switanek J, Xu Y, et al. Monocyte surface

expression of Fcgamma receptor Ri (Cd64), a biomarker reflecting type-I

interferon levels in systemic lupus erythematosus. Arthritis Res Ther. (2010)

12:R90. doi: 10.1186/ar3017

36. Chang CJ, Sun B, Robertsen B. Adjuvant activity of fish type I interferon

shown in a virus DNA vaccination model. Vaccine. (2015) 33:2442–8.

doi: 10.1016/j.vaccine.2015.03.093

37. Swetman Andersen CA, Handley M, Pollara G, Ridley AJ, Katz DR, Chain

BM. Beta1-integrins determine the dendritic morphology which enhances

Dc-sign-mediated particle capture by dendritic cells. Int Immunol. (2006)

18:1295–303. doi: 10.1093/intimm/dxl062

38. Askew D, Chu RS, Krieg AM, Harding CV. Cpg Dna induces maturation

of dendritic cells with distinct effects on nascent and recycling Mhc-

Ii antigen-processing mechanisms. J Immunol. (2000) 165:6889–95.

doi: 10.4049/jimmunol.165.12.6889

39. Garrett WS, Chen LM, Kroschewski R, Ebersold M, Turley S, Trombetta S,

et al. Developmental control of endocytosis in dendritic cells by Cdc42. Cell.

(2000) 102:325–34. doi: 10.1016/S0092-8674(00)00038-6

40. Chu RS, Askew D, Noss EH, Tobian A, Krieg Am, Harding CV. Cpg

oligodeoxynucleotides down-regulate macrophage class II Mhc antigen

processing. J Immunol. (1999) 163:1188–94.

41. Wolfle SJ, Strebovsky J, Bartz H, Sahr A, Arnold C, Kaiser C, et al. Pd-L1

expression on tolerogenic APCs is controlled by Stat-3. Eur J Immunol. (2011)

41:413–24. doi: 10.1002/eji.201040979

42. Sumpter TL, Thomson AW. The status Of Pd-L1 (B7-H1) on

tolerogenic APCs. Eur J Immunol. (2011) 41:286–90. doi: 10.1002/eji.2010

41353

43. Hsu TL, Chang YC, Chen SJ, Liu YJ, Chiu AW, Chio CC, et al. Modulation of

dendritic cell differentiation and maturation by decoy receptor 3. J Immunol.

(2002) 168:4846–53. doi: 10.4049/jimmunol.168.10.4846

44. Chang YC, Hsu TL, Lin HH, Chio CC, Chiu AW, Chen NJ, et al. Modulation

of macrophage differentiation and activation by decoy receptor 3. J Leukoc

Biol. (2004) 75:486–94. doi: 10.1189/jlb.0903448

45. Linossi EM, Babon JJ, Hilton DJ, Nicholson SE. Suppression of cytokine

signaling: the SOCS perspective.Cytokine Growth Factor Rev. (2013) 24:241–8.

doi: 10.1016/j.cytogfr.2013.03.005

46. Skjesol A, Liebe T, Iliev DB, Thomassen EI, Tollersrud LG, Sobhkhez

M, et al. Functional conservation of suppressors of cytokine signaling

proteins between teleosts and mammals: atlantic salmon SOCS1

binds to Jak/Stat family members and suppresses type I and II Ifn

signaling. Dev Comp Immunol. (2014) 45:177–89. doi: 10.1016/j.dci.2014.

02.009

47. Dalpke AH, Opper S, Zimmermann S, Heeg K. Suppressors of cytokine

signaling (SOCS)-1 and SOCS-3 are induced by CPG-DNA and

modulate cytokine responses in APCs. J Immunol. (2001) 166:7082–9.

doi: 10.4049/jimmunol.166.12.7082

48. Bartz H, Avalos NM, Baetz A, Heeg K, Dalpke AH. Involvement

of suppressors of cytokine signaling in toll-like receptor-mediated

block of dendritic cell differentiation. Blood. (2006) 108:4102–8.

doi: 10.1182/blood-2006-03-008946

49. Irie-Sasaki J, Sasaki T, Matsumoto W, Opavsky A, Cheng M, Welstead G,

et al. Cd45 is a JAK phosphatase and negatively regulates cytokine receptor

signalling. Nature. (2001) 409:349–54. doi: 10.1038/35053086

50. Iliev DB, Sobhkhez M, Fremmerlid K, Jorgensen JB. Myd88 interacts with

interferon regulatory factor (Irf) 3 and IRF7 in Atlantic salmon (Salmo

salar): transgenic SSMYD88 modulates the IRF-induced type I interferon

response and accumulates in aggresomes. J Biol Chem. (2011) 286:42715–24.

doi: 10.1074/jbc.M111.293969

51. Mcmahon HT, Boucrot E. Molecular mechanism and physiological functions

of clathrin-mediated endocytosis. Nat Rev Mol Cell Biol. (2011) 12:517–33.

doi: 10.1038/nrm3151

52. Corrigall VM, Bodman-Smith MD, Brunst M, Cornell H, Panayi Gs.

Inhibition of antigen-presenting cell function and stimulation of human

peripheral blood mononuclear cells to express an antiinflammatory cytokine

profile by the stress protein bip: relevance to the treatment of inflammatory

arthritis. Arthritis Rheum. (2004) 50:1164–71. doi: 10.1002/art.20134

53. Stocki P, Wang XN, Dickinson AM. Inducible heat shock protein 70 reduces

T cell responses and stimulatory capacity of monocyte-derived dendritic cells.

J Biol Chem. (2012) 287:12387–94. doi: 10.1074/jbc.M111.307579

Conflict of Interest Statement: HT is currently employed by Vaxxinova Norway.

AK and SJ were employed at Nofima Marin AS.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2019 Iliev, Lagos, Thim, Jørgensen, Krasnov and Jørgensen. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 12 March 2019 | Volume 10 | Article 378

https://doi.org/10.1186/ar3017
https://doi.org/10.1016/j.vaccine.2015.03.093
https://doi.org/10.1093/intimm/dxl062
https://doi.org/10.4049/jimmunol.165.12.6889
https://doi.org/10.1016/S0092-8674(00)00038-6
https://doi.org/10.1002/eji.201040979
https://doi.org/10.1002/eji.201041353
https://doi.org/10.4049/jimmunol.168.10.4846
https://doi.org/10.1189/jlb.0903448
https://doi.org/10.1016/j.cytogfr.2013.03.005
https://doi.org/10.1016/j.dci.2014.02.009
https://doi.org/10.4049/jimmunol.166.12.7082
https://doi.org/10.1182/blood-2006-03-008946
https://doi.org/10.1038/35053086
https://doi.org/10.1074/jbc.M111.293969
https://doi.org/10.1038/nrm3151
https://doi.org/10.1002/art.20134
https://doi.org/10.1074/jbc.M111.307579
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	CpGs Induce Differentiation of Atlantic Salmon Mononuclear Phagocytes Into Cells With Dendritic Morphology and a Proinflammatory Transcriptional Profile but an Exhausted Allostimulatory Activity
	Introduction
	Materials and Methods
	Fish
	Reagents
	Isolation of Leukocytes From Atlantic Salmon
	Mixed Leukocyte Reactions (MLRs)
	Flow Cytometry
	Confocal Microscopy
	Microarray Analysis
	Cell Surface Protein Isolation and Mass Spectrometry Analysis
	Western Blot Analysis (WB)

	Results
	Prolonged in vitro Stimulation With CpGs Leads to Morphological Differentiation of Salmon MPs and Development of Cells With ``Dendritic'' Morphology
	CpGs Upregulate Allostimulatory Activity and Surface MHCII Expression in Salmon MPs After a Short but Not After a Prolonged Treatment
	Transcriptional Response to Long-Term CpG and PolyI:C Stimulation. CpG-Pretreated Salmon MPs Retain Ability to Upregulate Proinflammatory Genes Upon Restimulation With Gardiquimod
	Identification of Differentially Expressed Cell Surface Proteins on Non-stimulated and CpG-Treated Salmon MPs

	Discussion
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


