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Due to their ability to present foreign antigens and prime rige T cells, macrophages,
and dendritic cells (DCs) are referred to as professional #gen-presenting cells (APCSs).
Although activated macrophages may function as APCs, theseells are particularly
effective at directly engaging pathogens through phagocyisis, and production of
antimicrobial compounds. On the other hand, DCs possess sugrb antigen-presenting
and costimulatory capacity and they are essential for comnmcement and regulation
of adaptive immune responses. Inin vitro models, development of mature mammalian
DCs from monocytes requires sequential exposure to growthafctors (including GM-CSF
and IL-4) and proin ammatory stimuli such as toll-like recptor (TLR) ligands. Currently,
except for IL-4/13, neither orthologs nor functional analgs of the growth factors
which are essential for the differentiation of mammalian DxC (including GM-CSF
and FLT3) have been identied in teleosts and data about d#éfentiation of piscine
APCs is scant. In the present study, primary salmon mononuehr phagocytes (MPs)
stimulated in vitro for 5—7 days with a B-class CpG oligodeoxynucleotides (ODN
2006PS) underwent morphological differentiation and deveped “dendritic” morphology,
characterized by long, branching pseudopodia. Transcrippnal pro ling showed that
these cells expressed high levels of proin ammatory mediatrs characteristic for M1
polarized MPs. However, the cells treated with CpGs for 7 dag/ downregulated their
surface MHCII molecules as well as their capacity to endocgse ovalbumin and exhibited
attenuated allostimulatory activity. This concurred witltranscriptional downregulation of
costimulatory CD80/86 and upregulation of inhibitoryCD274 (B7-H1) genes. Despite
their exhausted allostimulatory activity, these cells werstill responsive to re-stimulation
with gardiquimod (a TLR7/8 ligand) and further upregulated wide array ofimmune genes
including proin ammatory mediators such asintereukin-1 betaand tumor necrosis factor.
Overall, the presented data highlight the disparate effestTLR ligands may have on the
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proin ammatory status of APCs, on one side, and their antiga-presenting/costimulatory
functions, on the other. These ndings also indicate that depite the poor phylogenetic
conservation of the growth factors involved in the differeiation of DCs, some of the
processes that orchestrate the development and the diffenatiation of professional APCs
are conserved between teleosts in mammals.

Keywords: mononuclear phagocytes, antigen-presenting cel Is, dendritic cells, CpG oligodeoxynucleotides,
Atlantic salmon, teleosts

INTRODUCTION di erentiation of various leukocyte types have been ident e
and isolated in sh. However, the essential growth facto@&M-

The mononuclear phagocyte (MP) system comprises circulatingSF and FMS-like tyrosine kinase three ligand (FLT3L) used to
monocytes, tissue resident macrophages, and monocyteeteri dj erentiate mammalian DCsin vitro (11, 22) have not been
DCs. The most important unifying properties of MPs areidenti ed in any sh species suggesting that orthologs ofbe
their common myeloid origin and their potential to serve aSgeneS may be absent below the level of tetrapods.
professional APCs. These professional APCs are innate immune we have previously reported that 24ih vitro stimulation
cells; however they are very important for the commencemensf saimon mononuclear phagocytes with class B CpGs, a ligand
of the adaptive immune responsg, ). More speci cally, they  for TLR9 and TLR2143, 24) upregulates a number of immune
are indispensable for the activation of naive T cells by proteigenes some of which are highly expressed in mature 26 (
antigens and are essential for the maintenance of tolerarselt-  However, data about the e ects of TLR ligands on antigen-
antigens. The MP system is phylogenetically conserved ated cgbresenting functions of piscine APCs are still scarce. In the
resembling mammalian monocytes, macrophages, and DCs haggrrent study, we have investigated the e ects of long-témm
been identi ed across di erent vertebrate classesy). vitro stimulation with TLR ligands, including CpG-B (2006PS)

Although macrophages are mainly engaged in direchnd polyl:C (a TLR3/22 ligand), on primary salmon MPs. The
elimination of pathogens through endocytosis and productionpropensity of the CpG stimulation to induce di erentiation
of antibacterial agents, they are also capable of presentisg MPs as shown by appearance of cells with “dendritic”
foreign antigens and priming naive T cells)(These cells have morphology prompted us to investigate the phenotypical and the
been studied extensively in shes and the specics of theifynctional characteristics of these APCs. We further disdhs
development and functional diversity (including developrheh  capacity of the CpG stimulation to induce a proin ammatory, M1
M1 and M2 functional phenotypes) within teleosts have recentlyranscriptional pro le but an exhausted allostimulatory adty
been covered in review articles ). of salmon APCs.

DCs were initially “baptized” by Ralf Steinman based on
their morphology characterized by long, branching pseudoaodi
(9). A unifying characteristic of DCs is their superior capagili MATERIALS AND METHODS
to activate naive T cells through presentation of MHCI andFish

ll-associated foreign antigens and costimulatory molesubn ) .
Atlantic salmon Galmo salgr strain Aquagen standard

their surface 2, 10). Studies on mammalian DCs have been K btained  f h

facilitated by development of protocols forvitro generation of ~ /\duagen, Kyrkseeterara, Norway) was obtained from the

large numbers of DCsl(—14). Myeloid DCs can be generated Tromsg Aquaculture Research Station (Tromsg, Norway). The
g sh were kept at about 1@ in tanks supplied with running

in vitro following incubation of monocytes with GM-CSF an tered q fod ial drv food (Skrett
IL-4 for up to 5 days. This results in development of a tered water and were fed on commercial, dry food (Skretting,

relatively homogeneous population of immature DCs whichSta_\’an?er' Nor_way).f All e_xpelrlments_ were gppro':l/ed by_ the
require further activation with microbial products such asnational committee for animal experimentation (Norwegian

lipopolysaccharide, bacterial DNA, and double stranded RNA of\iMmal Research Authority) and performed according to

cytokines such as TNE-n order to achieve a mature state5). Its guidelines.

The maturation of DCs is hallmarked with increased exprassio

of MHCII and costimulatory molecules (e.g., CD80, CD86) onReagents

their plasma membrane and decreased ability to endocytosehosphorothioate-modi ed CpG-B BTCGTCGTTTTGTCGT

soluble antigens. TTTGTCGTT-3) were purchased from Thermo Scienti ¢ and
Piscine DC-like cells have been descriloedivoin di erent  polyl:C from InvivoGen. Cy5-conjugated CpG-B was obtained

teleost species including salmonids, zebrash, and medakeom Eurogentech. The antibodies against tiehain of salmon

(16-21); however, lack of protocols and tools for large-scaléMHCIl and TLR9 have been previously describezh, (26).

production of mature sh DCsin vitro has hampered further The antibody against actin was purchased from Sigma Aldrich

characterization of these cells. Homologs of most of théA2066). CellTrac® Violet, CellTrac&" CFSE, AlexaFluor546,

major cytokines and growth factors involved in activationda and Ova-Alexa488, were purchased from Life technologies.
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Isolation of Leukocytes From 2mM CpG-Cy5 for 1h, stained and analyzed as previously

Atlantic Salmon described24).
HK and spleen leukocytes were isolated as describéd The . .
density of the leukocyte suspensions was adjusted to 7P M'Cfoa”a}’ AnaIyS|_s

cells/ml and the cells were incubated in 6-well plates (21 MPs were stimulated with @M CpGs and 20rg/ml of polyl:C

10 of cellsiwell) in L-15, supplemented with 0.1% fetal boving"d sampled after 24 h and 7 days. Control cells were left non-
serum (FBS) for 24 h before washing. In addition to displayingtimulated. On day 6, Gardiquimod (fig/ml) was added to
classical MP morphology, the adherent HK leukocytes were ablgStimulate the cells and RNA samples were harvested from
to phagocytose large amounts of yeast cell wall particles (data the restlmulated.an.d. the non-restl.mulated .cells on day 7.
shown), endocytosed, and processed large amounts of ovibunells frqm three individuals were stimulated in pa_raIIeI. @en
(27) and expressed high levels of markers for MPs including th§XPression was analyzed using the salmonid oligonucleotide
macrophage colony stimulator factor receptor (CSF-1R) and th&licroarray (S1Q2.0, NCBI GEO platform GPL10679)9)(
macrophage scavenger receptor MARCO mRNZg.(Adherent cop5|st|ng of 21K featu.res printed in d.upl|cates on 444K

HK MPs (stimulators) and non-adherent spleen lymphocyte€niPS produced by Agilent Technologies (CA, USA). Two-

(responders) were washed and incubated in L-15 supplement&?'or hybridizations were applied, where test samples labeled

with 5% FBS, penicillin (10 U/ml), streptomycin (10 mg/ml) asWith Cy5 dye were competitively hybridized against control
described below. samples labeled with Cy3 dye per array. Concentration of

total RNA was measured with NanoDrop 1,000 Spectrometer
(Thermo Scienti c, Waltham, MA, USA) and quality was
ssessed 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
NA from cells obtained from two individuals was pooled and
used for the analysis. Unless specied otherwise, all reagents
and equipment used for microarray analyses were from Agilent
Technologies. RNA ampli cation and labeling were performed
%sing Quick Amp Labeling Kits, Two-Color, and RNA Spike-
In Kits, Two-Color following the manufacturer's protocol far
44 K microarrays; each reaction used 500 ng of total RNA.
ene Expression Hybridization Kit was used for fragmentatibn
beled RNA. Hybridizations to microarrays were performed in

Mixed Leukocyte Reactions (MLRS)

The adherent HK MPs were either left non-stimulated or treate
with 2mM CpG-B for 24h or 7 days and were harvested
on ice using Ca/Mg-free PBS/100 mM EDTA. Stimulators an
responders were stained with CellTr#¢e&CFSE and CellTrad¥
Violet, respectively. Staining of stimulators with CFSE wsed
to distinguish them from proliferating responders with rect
CellTracéM Violet staining. The cells were washed with PB
and stained with 2nM dye at 16cells/mL density for 10 min at
room temperature. After staining, the cells were washedehre
times with L-15, 5% FBS using a 15 min interval between ea
washing. Responders were mixed with both non-stimulated anci

CpG-treated stimulators from the same or other individuals in o . : .
. . . ) hybridization oven (Agilent Technologies) at &5 and rotation
duplicates at 2:1 ratio (1 10%/0.5 10 cells) in 96-well round- speed of 10 rpm. Arrays were washed with Gene Expression Wash

bottom plates a“‘?' ingubated for3, 5,7, and_ 14 days before Oy ers 1 and 2 and scanned with a GenePix 4,100A (Molecular
cytometry analysis. Fifty per cent of the medium was refrdstie Devices, Sunnyvale, CA, USA). GenePix software was used

3-day intervals. for spot-grid alignment, feature extraction, and quantitzan.
Assessment of spot quality was done with aid of GenePix ags.

Flow Cytometry After ltration of low quality spots, Lowess normalization of

To investigate the surface expression of MHCII together withog2-expression ratios was performed. The replicates showed

the Ova and CpGs uptake capacity, non-stimulated and CpGelose concordance of gene expression pro les (Pearsdi®193

stimulated (2nM, 7 days) MPs were incubated with &@/ml of 0.01). Features with» 2-fold change in both samples per

Ova-Alexa488, or @M CpG-Cy5 conjugates for 1 h. The cells treatment were selected as di erentially expressed.

were harvested on ice using Ca/Mg-free PBS/100 MM EDTA. The

samples were washed with ice-cold PBS and incubated with@ell Surface Protein Isolation and Mass

polyclonal salmon MHCIb antibody (1,000-fold dilution) for 1 h Spectrometry Analysis

in PBS, 5% FBS on ice. The secondary Alexa546 goat antt—rablp{,venty ml of HK leukocyte suspensions (7 10f/ml) were

antibody was diluted to ing/mlin PBS, 5% FBS and the cells weréseeded in T75 asks (BD Biosciences) and allowed to adhere

incubated for 30 min on ice prior to washing, and ow cytometry overnight. Following washing, adherent MPs were further

Samples from the MLRs (described in the previous paragraphjcupated without stimulation or treated withi2M CpGs for 7

were harvested and analyzed directly without staining. délés days. Cells from two individuals with con uence of 80-90% ever

were analyzed using FACSAria (Becton Dickinson). Stasibti selected for isolation of cell surface proteins using Pigrcell

analysis was performed with Studenttest. Surface Protein Isolation Kit (Thermo Scienti ¢) and foling
_ manufacturer's instructions. Briey, the cells were rinseith
Confocal Microscopy ice-cold PBS and cell surface proteins were labeled with 10 ml

MPs cultured on 15 mm coverslips in 24-well plates cell cultur®f Sulfo-NHS-SS-Biotin solution for 30 min at @. Following
plates (Falcon) were either left non-stimulated or treatethwi a quenching reaction, the cells were collected with a scraper,
2mM CpGs for 7 days. The cells were then incubated withwashed with TBS, lysed with 56 of Lysis Bu er and subjected
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to low power sonication on ice. Biotinylated proteins in clad
supernatants were captured using NeutrAvidin Agarose at R
for 1 h. The proteins were eluted from the agarose beads usir
SDS sample buer, 50mM DTT at RT for 1h and subjected
to SDS PAGE and Coomassie staining. Gel bands of intere
were excised and subjected to in-gel reduction, alkylataord
tryptic digestion using 6 ngfl trypsin (V511A, Promega).
Peptide mixtures containing 1% formic acid were loaded onto
nanoAcquityTMUItra Performance LC (Waters), containing a 3-
mm Symmetry? C18 Trap column (186m 22 mm) (Waters)
in front of a 341 AtlantisTM C18 analytical column (10€8m
100 mm)(Waters). Peptides were separated with a gradie
of 5-90% acetonitrile, 0.1% formic acid, with a ow of 0.4
m/min eluted to a Q-TOF Ultima Global mass spectrometer
(Micromass/Waters), and subjected to data-dependent tande
mass spectrometry analysis. Peak lists were generated by
ProteinLynx Global server software (version 2.1), and th
resulting pkl les were searched against the NCBInr 2009021

protein sequence database using MASCOT search engine (http:

www.matrixscience.com/). Peptide mass tolerances usedein t

search were 100 ppm, and fragment mass tolerance was 0.1 Da.

Western Blot Analysis (WB)

The ow-through lysates which contain proteins that did not
bind to Neutravidin and LDS eluates, enriched in biotinytate
proteins were analyzed as previously describ2g. (Briey,
samples dissolved in 4 X LDS were run on NuPAGE Nove
Bis-Tris 4-12% gels (Invitrogen) in MOPS running bu er. The
proteins were transferred to PVDF membranes, blocked (Trig

FIGURE 1 | Salmon MPs develop dendritic morphology following proloned
treatment with CpGs. (A) Images of non-stimulated MPs and cells stimulated
for 7 days with 2mM CpGs and 20mg/ml of polyl:C. The arrow indicates a
typical DC-like cell observed in the CpG-treated samplegB) Dynamic
reorganization of the morphology of CpG-treated MPs. Cellsvere stimulated
as in panel A and images were taken at 30 min intervals over a ped of

90 min. The arrow points at elongated DC-like cell which chages morphology
into a more rounded macrophage-like cell. The arrowhead iridates a cell
which undergoes the opposite changes. Images were taken at X2

~ magni cation.

X

bu ered saline, 5% BSA, 0.1% Tween-20) for 1 h, and incubate

overnight with primary Abs (1: 1000 dilution for MHCII and
1:100 for the actin antibody) followed by 1 h of incubatiorthwi
the secondary HRP-conjugated antibodies (1: 10 000 diljtion

~
U

CpGs Upregulate Allostimulatory Activity
and Surface MHCII Expression in Salmon

The blots were developed with SuperSignal West Pico substratdPs After a Short but Not After a

(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

Prolonged Treatment

In order to estimate the allostimulatory capacity of non-
stimulated MPs and cells stimulated with CpGs for 24h and 7
days we performed MLRs with spleen lymphocytes from di erent
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 CellTrdteViolet Cell Proliferation

When adherent salmon head kidney (HK) MPs were stimulatedit we found that unlike autologous MPs, stimulators from

in vitro for >5 days with CpGs (BM) many of the
cells developed relatively long, branching pseudopodia,
morphological feature manifested by DCS) (and, in some
cases, M1 macrophageX)| (Figure 1A). This was not observed

other individuals incubated with responder spleen lymphocytes
far 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 signi cant response

when cells were stimulated in parallel with polyl:C a§ml). was observed in MLRs incubated for 3, 5, and 7 days (data
After 7 days of treatment with CpGs, cells that had the originanot shown). The analysis setup of the ow cytometry data is
macrophage-like morphology were also present. A time lapsshown inFigure 2A—proliferating responders are located in the
imaging showed that while many of the cells retained theitower left quadrant of the dot plots due to reduced CTV stagin
dendritic-like morphology, the shape of some of the CpG-while CFSE staining was used to gate out stimulators. Inboma
stimulated cells was dynamic as they could transition betwe of splenocytes with stimulators from other individuals that
dendritic-like to macrophage-like and vice versa morphologyhad been stimulated with CpGs for 24 h induced signi cant
within a time span of 90 minKigure 1B). proliferation responsegy< 0.05), whereas autologous stimulators

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


http://www.matrixscience.com/
http://www.matrixscience.com/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

lliev et al. Effect of CpG Oligonucleotides on Salmon APCs

and MPs stimulated with CpGs for 7 days prior to MLRsit downregulated the expression BHCII, CD80/86and CCR9
did not induce signi cant splenocyte proliferatiorF{gure 2B).  homologs Figure 6, Figure S3J.
CpG-B have been previously shown to be a potent mitogen Interestingly, although, as mentioned above, after 24h of
for salmon splenocytes3{) and in the current study direct stimulation, polyl:C upregulated ISGs to a much higher extent
stimulation of responders with CpGs for 2 weeks was used asas compared to CpGs, after 7 days of stimulation, the opposite
positive control for the proliferation assayigure 2C). The CpG-  was observed for many key ISGs suctCxCL10(IP-10, Vigl,
induced proliferation of salmon leukocytes requires refally Mx, SOCS1ISTAT1,and RIG-I as well as type IIFN homologs
high concentrations of CpGs>(0.5mM) (31). This, as well as (Figure 6, Figure S2.
the fact that autologous stimulators treated with CpGs foh24  After 6 days of stimulation, the cells were restimulated with
and MPs stimulated for 7 days prior to MLRs did not induce Gardiquimod (a TLR7/8 ligand) in order to investigate if the
signi cant splenocyte proliferation, indicates that the ebged CpG- and polyl:C-treated cells retained their potential to regpo
MLR response was not due to carryover of residual CpGs. In ab stimulation with TLR ligands. Compared to non-pretreated
of the experiments, the responders were cultureditro for the  cells, Gardiquimod restimulation up- and downregulated éew
same period (15 days). genes in CpG and polyl:C pretreated cefgglire 5 indicating
Using ow cytometry, the surface expression of MHCII thatthe pretreatment modulated but did not completely suppress
and the level of Ova uptake were measured and compardtie potential of the cells to respond to secondary stimulation
between CpG-stimulated and non-treated HK-derived MPs. Thevith TLR ligands.Figure 6 shows the expression of selected
representative results shown lfigure 3demonstrate that there groups of immune genes including cytokines and other immune
was a slight increase of MHCII expression 1 day after the cellmediators, receptors, and cell markers and ISGs. Upregulation
were exposed to CpGs, while on day 7 the surface expression ohmany of the selected genes was suppressed by the CpG and,
MHCII was substantially reduced. The uptake of uorescent Ovao a lower extent, by the polyl:C pretreatments. Some of the
was reduced on day 1 and was even lower on day 7. genes whose upregulation was not repressed and was further
In contrast to Ova endocytosis, the uptake of CpG ODNsaupregulated in CpG- pretreated cells included proin ammatory
was not a ected in cells pre-treated with CpGs for 7 days. Ircytokines [L-1 , IL-22,and TNF2), and secreted TNF receptor
the experiment presented ifigure 4 cells were treated with family members TNFRSF11Band TNFRSF6B Interestingly,
CpGs for 7 days and then incubated with uorescent CpG-many ISGs were among the genes whose upregulation was
Cy5 ODNSs for 1h prior to ow cytometry Figure 4A) and suppressed by the pretreatment includiRgG-I, IFN-inducible
immunostaining/confocal microscopyF{gure 4B). The results Gigl, IRF3, STAT1gs well adFN-g. Many of the genes listed
demonstrate that neither the level of uptake of CpGs ODNs$n Figure 6 can be assigned to more than one of the three
nor the ability to accumulate the ODNs within TLR9-positive categories. Therefore, it should be mentioned that the esgiom
intracellular compartments was a ected in the CpG-treatedscel of immune receptors and cell markers, including CD64, CD83,
CD40, and the M-CSF receptor, is known to be regulated by IFNs
Transcriptional Response to Long-Term (33-36) and their gardiquimod-induced upregulation was also
CpG and Polyl:C Stimulation. suppressed in CpG-pretreated cells.

. s The microarray data was validated using real-time PCR
CpG-Pretreated Salmon MPs Retain Ability analysis in which samples from three individuals were analyzed

to Upregulate Proin ammatory Genes separately. As demonstrated Figure S2 except for the lower
Upon Restimulation With Gardiquimod values, a commonly observed phenomenon caused by the lower
The dierentiation and maturation of APCs is a complex dynamic range of the microarray analysis as compared to
process in which the cells undergo a thorough transcriptomic¢hat of the real-time PCR, the two types of analysis produced
reprogramming 82). Here, using a microarray platform we have similar results. The sequences of the primers used in thetireal-
analyzed the transcriptional response of salmon MPs to thBCR analysis are shownTable S1

long-term stimulation with CpGs and polyl:C. The latter, Ui

CpGs, did not induce similar morphological di erentiation of . . . .
salmon MPs although it had a superior capacity to induceIdentl cation of Differentially Expressed

upregulation of IFN-stimulated genesiSG3 after 24h of Cell Surface Proteins on Non-stimulated

stimulation (Figure SJ. The results from the microarray analysis and CpG-Treated Salmon MPs
demonstrated that, after 7 days of stimulation, CpGs both upTo further de ne features that are characteristic for Cp@ated
and downregulated larger number of genes as compared to thdPs, expression of surface proteins upon CpG-treatment were
polyl:C treatment Figure 5. Unlike polyl:C, the CpG treatment examined by mass spectrometry and compared to non-treated
upregulated proin ammatory cytokinedl(-1 , TNF2/3, genes cells. Samples acquired using the cell surface protein isplatio
associated with in ammation (includingSAA and MMP9) kit were analyzed with WB in order to estimate the e ciency of
and secreted TNF receptor superfamilyNFRSF members— the protein puri cation. Compared to the ow-through lysates
TNFRSF11Bnd TNFRSF6BFigure 6, Figure SJ. the pull-down samples are expected to be depleted of proteins
Among genes known to be implicated in the antigen-which are not directly associated with the plasma membrahe. T
presenting functions of APCs, the CpG stimulation upregulatedesults shown irFigure 7A demonstrate that compared to the
CD83,and the inhibitoryB7-H1(PDL1, CD27¥%molecule while  ow-through samples, the pull-down samples contained more
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24 h (black contour).(B), Stimulators pretreated with CpGs for 24 h but not 7 days showincreased allostimulatory capacityr( D 5). Autologous stimulators did not
signi cantly activate splenocyte proliferation even aftepretreatment with CpGs for 24 h (p < 0.05). (C), Direct CpG stimulation of responders was included as a
positive control for cell proliferation{ D 4). In all of the experiments, the responders were cultureih vitro for 15 days.

i /W 1066 fl 7250
A '\ Non-stimulated

)
o f 560
5 I CpG, 24h
g |
=
pd
TN 487 ) 370 cpG 7 days
MHCII g Ova-488 g

FIGURE 3 | CpG stimulation reduces antigen uptake capacity of MPs andafter a prolonged treatment, downregulates surface MHCI| gxression. MPs were either left
untreated or stimulated with 2nM CpGs for 1 and 7 days, as indicated. The cells were incubateavith 10 mg/ml of Ova conjugated with AlexaFluor-488 for 1 h prior to
harvesting and analysis using ow cytometry. The numbers inhie individual histograms show the mean uorescence intensiés of the stained samples (black contours).
The non-stained samples are represented with lled gray cordurs. Representative results from two experiments with ctd from different individuals are shown.
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FIGURE 4 | Cells stimulated with CpGs for 7 days retain capacity to takeipp CpG ODNSs and to translocate them into TLR9-positive endogtic compartments.

(A) MPs were either left non-stimulated (blue contour) or weraé¢ated with 2mM CpGs for 7 days (orange contour) prior to incubation with ucescent (CpG-Cy5)
ODNSs for 1h and ow cytometry analysis. The lled gray contour epresents cells incubated without uorescent CpGs.(B) Non-stimulated cells (NS) and cells
pretreated with CpGs for 7 days were incubated with CpG-Cy5dr 1 h prior to xation, permeabilization, and staining of inacellular TLR9. The endocytosed CpGs
were visualized in the far-red channel and are shown in greguseudocolor. The nuclei were stained with SYTOX Green (blysseudocolor). The colocalization between
TLR9 and CpG-positive vesicles (yellow color) is indicatedith arrows in the merged images.
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FIGURE 5 | Microarray analysis—transcriptional response of salmon Rk to long term stimulation with polyl:C and CpGs and restimation with gardiquimod. MPs
were left non-stimulated (NS) or stimulated with M CpGs or 20mg/ml of polyl:C. After 6 days, samples were restimulated with fing/ml of Gardiquimod and RNA
from both non-restimulated (NRS) and restimulated samplewas sampled on day 7. Pooled RNA samples of cells from two indiduals were analyzed using a
salmonid oligonucleotide microarray. Features with foldiange values ofC2 and 2 as compared to the NS samples were considered up- and downrgulated,
respectively. The histograms show the total numbers of up-iad downregulated features in the different samples. The Vendiagrams show the numbers of common
and unique up- and downregulated genes among the samples.

MHCII while the actin levels were barely detectable, therebgelected for the analysis-igure 7B). The analysis identi ed
con rming the e ciency of the cell surface isolation proceck! CD45 in a high molecular weight band that was upregulated by
Major SDS PAGE protein bands present in samples of cethe CpG treatment. Another high molecular weight band which
surface proteins from non-stimulated MPs and cells treateti wi appeared to be downregulated in CpG-treated samples contained
CpGs for 7 days were isolated and analyzed using tandem madathrin whereas CD18, an integrin involved in cell adhesivas
spectrometry (MS/MS). Samples from cells of two individualsdenti ed in a major band that did not seem to be regulated by
were run in parallel and consistently regulated bands werthe treatment in any of the two analyzed individuals. The H&P7
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FIGURE 6 | Microarray heat map showing the expression of selected imme genes. The numbers show the “fold change” values as compad to non-stimulated
cells. The heat map legend is shown in the lower right corneNote, that genes of interest have been tentatively assignetb three groups; however, many of them can
be assigned to more than one group. Arrows indicate genes whee expression is at least 1.9-fold higher or lower in Cp@& Gardiquimod samples as compared to
samples stimulated only with Gardiquimod.

family members GRP78 and HSP70 were identied in bands The dierentiation of MPs into cells with dendritic
which appeared to be slightly upregulated by the CpG treatmentorphology appeared to correlate with upregulation of
proin ammatory genes since cells stimulated in parallel with
DISCUSSION polyl:C did not exhibit similar morphological changes and
had fewer in ammatory mediators upregulated after 7 days of
In the current study, long-ternmin vitro stimulation ¢5 days) stimulation. At the same time, the polyl:C-stimulated cellsiha
with CpGs induced functional and phenotypical di erentiation some IFN-inducible genes upregulated at levels compared to, o
of salmon MPs. Although these cells developed dendritieven exceeding those in CpG-stimulated cells.
morphology and an M1-like proin ammatory transcriptional The term “dendritic cell” was introduced by Ralf Steinman,
pro le, they downregulated their surface MHCII expressiongan re ecting the specic morphology of DCs isolated from
had an impaired allostimulatory capacity. peripheral lymphoid organ$j. 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 wereither left
non-stimulated or were stimulated with CpGs for 7 days. CeBurface proteins
were labeled with biotin and puri ed as described in Materia and methods.
(A) The ef ciency of the cell surface protein puri cation was con med with
WB analysis. Flow-through and pull-down samples enrichechiproteins
associated with cell surface from control non-stimulated ad CpG-stimulated
cells were run on SDS PAGE and protein levels of MHCll-and actin were
detected with polyclonal antibodies.(B) Samples enriched in cell surface
proteins isolated from cells of two individuals were run ingrallel on
SDS-PAGE, and stained with Coomassie. Bands of interest werexcised, and
subjected to MS/MS analysis. The table below the gel image lis identi ed
proteins in bands whose ID numbers are indicated on the gel inge.

homogenous and, most likely, included monocytes and
macrophages at dierent developmental stages. However,
the observation that the cells concertedly downregulated
MHCII expression and the Ova uptake capacity suggests
that the CpG-induced dierentiation 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 di erent directions within minutes. As speculated
elsewhere, this property likely contributes to the antigen
presenting function of DCs by allowing the APCs to scan a large
area and facilitate the capture of antigeis)( Regardless of the
morphological di erentiation, in our study, the CpG treatment
downregulated the ability of the MPs to endocytose ovalbumin
as soon as 24h 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 a ected
only speci c 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 antigei (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 follave
by downregulation of surface MHCII expression after 7 days
of treatment with CpGs indicated that during cultivation, eh
cells developed an exhausted or tolerogenic phenotype which
was con rmed by the loss of their allostimulatory activityt. |

is not likely that this was due to reduced viability or a gealer
loss of functionality since the cells retained ability to eéak
up CpGs and to accumulate them in TLR9-positive endocytic
compartments. In addition, although the cells responded to
restimulation with Gardiquimod by upregulating fewer geraess
compared to cell that had not been pretreated, they were still
able to upregulate expression of a number of proin ammatory
mediators. This indicates that the CpG-pretreated salmon MPs
are not exhaustecper sebut, as reported elsewhere, might
have been reprogrammed to respond di erently to secondary
stimuli (37).

Obviously, the MHCII downregulation was due to
suppression of MHCII biosynthesis in CpG-stimulated MPs
since the MHCIIb protein levels were downregulated not only
on the cell surface but also in the whole lysates as demoassitrat
by the WB analysis. Similarly, stimulation of mouse peritoneal
macrophages with CpGs downregulated the biosynthesis and
the surface expression of MHCIK(). However, in that study
the MHCIlI downregulation was observed after a relatively

under speci c conditions, macrophages stimulated with LP& anshort stimulation (18 h) and, unlike in the current work, the
IFN-g may also adopt a similar morpholog$(), characterized treatment did not suppress the antigen uptake capacity of
by long, branching pseudopodia. Therefore, consideringféfi®  murine macrophages.

data we have obtained in this study, it would be more pertinent It has been shown that human monocytes di erentiated
to conclude that the salmon MP cultures stimulated for 7 daysnto DCs with GM-CSF and IL-4 in the presence of TLR
with CpGs were enriched in activated M1 macrophages rathdigands develop a tolerogenic phenotyge)( This was due to

than DCs.
As with other types of primary cell cultures,

downregulation of surface MHCII and upregulation of B7-H1,

the a suppressor of T-cell activation and a marker for tolerogenic

starting cultures of adherent salmon leukocytes were noDCs (@2). Likewise, we found that the mRNA oB7-H1l
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was upregulated in CpG-treated MPs, while the costimulatory In addition to CD45, the surface protein analysis identi ed
molecule CD80/CD86was, on the contrary, downregulated. clathrin heavy chain in a down-regulated band and GRP78 and
Furthermore, TNFRSF6Ba secreted TNF decoy receptor whichHSP70 in a band that appeared to be upregulated by the CpG
is known for its capacity to induce tolerogenic phenotype in DCdreatment. Clathrin is a major protein involved in receptor-
and macrophages4g, 44) was also upregulated in these cellsmediated endocytosis5{) and its downregulation might be
Since in the current study, there was no concurrent treatimenrelated to the suppression of the antigen uptake capacity in
with GM-CSF, we cannot claim that we have obtained tolerogeni€pG-treated cells. GRP78 and HSP70 are both members of
DCs; nevertheless, our data indicates that at least somieof tthe family of the HSP70 heat shock proteins and function
mechanisms that control the di erentiation and the maturati  in the endoplasmic reticulum as molecular chaperones. In
of professional APCs in presence of TLR ligands are conserveddition, it has been found that these proteins are secreted
between teleosts and mammals. and have been implicated in suppression of the allostimulatory
Gardiquimod is a TLR7/8 ligand and, in the current capacity of APCs 52, 53). Therefore, HSP70 and GRP78
study, it induced high expression of both proin ammatory may have contributed to the reduced allostimulatory capacity
genes as well as IFNs and IFN-stimulated genes (ISGs). A6 salmon MPs stimulated with CpGs. The downregulation
mentioned above, in cells pretreated with CpGs and polyl:Cof clathrin and the binding of HSP70 and GRP78 to the
Gardiquimod upregulated fewer genes as compared to norsurface of CpG-treated salmon MPs need to be con rmed using
pretreated cells. Furthermore, the level of upregulation ahsn  speci ¢ antibodies and might be an interesting objective for
genes in the former samples was generally lower as compartdure studies.
to the latter. A possible explanation for this is that the e ect In summary, CpGs induceth vitro di erentiation of salmon
of Gardiquimod was likely inuenced by autocrine factors. MPs into cells with dendritic morphology, an M1 transcriptional
In this regard, it is possible that the attenuated inductionpro le but exhausted allostimulatory phenotype and functions.
of many of the genes we have observed might be due fBhese ndings demonstrate that, despite the poor phylogenetic
modulation of IFN and cytokine receptor signaling. For exaeipl conservation of the growth factors involved in the di ereatiion
SOCS1,which was highly upregulated in the CpG-treatedof DCs, the major processes that orchestrate the e ects of TLR
cells inhibits the signaling initiated by type | and Il IFN as ligands on the development of APCs are conserved between
well as cytokines which signal through the common gammaeleosts in mammals. These data also emphasize on the fact
chain subunit of the interleukin (IL)-2 receptorif). A strong that the potent immunostimulatory properties of a TLR ligand
negative regulatory activity on IFNal and IFN-signaling would not necessarily translate into enhanced APC function
has also been exhibited by Atlantic salmon SOC&4). (It and highlight the complexity of the activation of sh immune
has been found thaSOCSlexpression can be upregulatedcells by TLR ligands which may be used as potential adjuvants
directly by CpGs through a STAT-independent mechanismin the aquaculture.
a process which resulted in suppression of IgN-IL-6-,
and GM-CSF-induced STAT1 phosphorylation and prevented
the upregulation of MHCII in murine macrophages4?). DATA AVAILABILITY
Furthermore, it has also been demonstrated that TLR-induce ) ] ] o
SOCS1 expression in DC precursors leads to a blockade of D@ Mmicroarray data presented in this publication has been
di erentiation (49). deposited in th.e NCBI'S Gene Expresgon anlbus (GEO,
Another factor that might have been involved in attenuatedttPS://www.ncbi.nim.nih.gov/geo/) and is available undee
gene upregulation by autocrine factors is CD45. This is &CCession number GSE126993.
protein tyrosine phosphatase receptor which, like SOCS1, is

involved in negative regulation of cytokine and IFN receptor
signaling ¢9). In the current study, the protein analysis indicated'A‘U-rl_lOR CONTRIBUTIONS

that the CD45 protein was highly expressed on the surface @ gesigned, performed experiments, analyzed data, and
CpG-treated pells since the molecule was |dent_| ed na hlgl'brepared the manuscript. JJ participated in experimental
molegulgrwe|ght l?and upregulated by the CpG stlmulatlon.Th(aeSign' data analysis, and manuscript writing. LL and HT
Gardiquimod restimulation induced expression of both type lyere involved in cell culture experiments and assisted with

IFN and IFN- and therefore, the attenuated upregulation Ofmanuscript preparation. AK and SJ designed and performed

ISGs in CpG-pretreated cells might be, at least in part, due tge microarray analysis and assisted with data analysis, and
the inhibitory action of proteins such as SOCS1 and CD45 Ofhanuscript preparation.

the autocrine cytokine signaling. On the other hand, thehhig

expression of ISGs in CpG-treated cells may be explained with

elevated expression of IFN-regulatory factors (IRFs), sich #EUNDING

IRF3and IRF7 which themselves are ISGs. As we have already

shown, overexpression of transgenic salmiét3 and 7 in  This study was supported by Aquaculture program of The
di erent salmonid cell lines is able to activate ISRE-dependerResearch Council of Norway (183196/S40 InNoVacc to JJ) and
promoter elements which are essential for the induction oby funding from the Research Council of Norway (Project No.:
ISGs £0). 230735/F20) to DI.
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