
RESEARCH ARTICLE

Differential gene expression following TLR

stimulation in rag1-/- mutant zebrafish tissues

and morphological descriptions of

lymphocyte-like cell populations

Preeti J. Muire1, Larry A. Hanson1, Robert Wills2, Lora Petrie-Hanson1*

1 Department of Basic Sciences, College of Veterinary Medicine, Mississippi State University, Mississippi

State, Mississippi, United States of America, 2 Department of Pathobiology and Population Medicine, College

of Veterinary Medicine, Mississippi State University, Mississippi State, Mississippi, United States of America

* lora@cvm.msstate.edu

Abstract

In the absence of lymphocytes, rag1-/- mutant zebrafish develop protective immunity to bac-

teria. In mammals, induction of protection by innate immunity can be mediated by macro-

phages or natural killer (NK) cells. To elucidate potential responsive cell populations, we

morphologically characterized lymphocyte-like cells (LLCs) from liver, spleen and kidney

hematopoietic tissues. In fish, these cells include NK cells and Non-specific cytotoxic cells

(NCCs). We also evaluated the transcriptional expression response of select genes that are

important indicators of NK and macrophage activation after exposure to specific TLR

ligands. The LLC cell populations could be discriminated by size and further discriminated

by the presence of cytoplasmic granules. Expression levels of mx, tnfα, ifnγ, t-bet and nitr9

demonstrated dynamic changes in response to intra-coelomically administered β glucan (a

TLR2/6 ligand), Poly I:C (a TLR3 ligand) and resiquimod (R848) (a TLR7/8 ligand). Follow-

ing TLR 2/6 stimulation, there was a greater than 100 fold increase in ifnγ in liver, kidney and

spleen and moderate increases in tnfα in liver and kidney. TLR3 stimulation caused broad

up regulation of mx, down-regulation of tnfα in kidney and spleen tissues and up regulation

of nitr9 in the kidney. Following TLR 7/8 stimulation, there was a greater than 100 fold

increase in ifnγ in liver and kidney and t-bet in liver. Our gene expression findings suggest

that LLCs and macrophages are stimulated following β glucan exposure. Poly I:C causes

type I interferon response and mild induction of LLC in the kidney and R-848 exposure

causes the strongest LLC stimulation. Overall, the strongest NK like gene expression

occurred in the liver. These differential effects of TLR ligands in rag1-/- mutant zebrafish

shows strong NK cell-like gene expression responses, especially in the liver, and provides

tools to evaluate the basis for protective immunity mediated by the innate immune cells of

fish.
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Introduction

Innate immunity provides essential protection against pathogens during early life stages of fish

because adaptive immunity is absent [1–3]. Zebrafish develop adaptive immunity 3 weeks post

fertilization [4]. Rag1-/- mutant zebrafish lack T cell receptor (TCR) and immunoglobulin (Ig)

but have non-specific cytotoxic cells (NCCs), NK cells, monocytes/macrophages and neutro-

phils [5]. Using these fish as a model for studying immune responses in young fish, we found

that fish lacking effector lymphocytes can develop protective immunity to bacteria after vacci-

nation [6]. However, the specific cell population(s) mediating this protection has not been

identified. Unfortunately, tools for use in fish immunity research are very few [7], so separat-

ing immune cell populations in fish species is very challenging. Research in mammalian sys-

tems suggest that Natural Killer cells and macrophages can mediate a level of protection [8].

Recent studies using viral pathogens in rag1-/- mutant zebrafish showed enhanced NK and

macrophage specific gene expression [9] as defined in earlier transcriptome analysis [10]. To

determine the cell populations involved in our model, we used a transcriptome study to com-

pare gene expression after the primary response to gene expression after the secondary protec-

tive response. Genes for cell receptor activation and signal transduction, cell proliferation and

cytotoxic functions were up-regulated. These findings suggested receptor activation and

expansion of a cell population. Increased ifnγ expression was associated with both primary and

secondary immune responses [11]. These findings suggested functional responses of cell divi-

sion and enhanced phagocytosis, but did not indicate a specific cell population was associated

with the protective secondary response.

To better characterize the cell populations that may mediate protective immunity in our

zebrafish model, we evaluated gene expression responses associated with specific pathogen rec-

ognition processes of innate immune cells. These cells have a variety of pattern recognition

receptors (PRRs) that allow them to respond quickly to pathogens based on certain conserved

pathogen associated molecular patterns (PAMPs). Toll like receptors (TLRs) are among the

best-characterized PRRs and are present on macrophages, B cells, dendritic cells and NK cells.

They have important roles in mediating innate and adaptive immune responses. Twenty-two

TLRs have been documented in zebrafish [12].

We used β glucan, Poly I:C and R848 as model PAMPs. β glucan stimulates multiple cell

types, while poly I:C and R849 are documented to stimulate NK cells more specifically (12,17–

20,22,27). β glucan is a yeast cell wall derivative that specifically binds to TLR2/6 [13–18]. Rec-

ognition of β glucan by the TLR2/6 heterodimer requires Dectin-1 as a co-receptor [19]. Previ-

ous studies have shown that β glucan triggers the activation of macrophages, neutrophils,

monocytes, NK cells and dendritic cells and can enhance the function of human NK cell cyto-

toxicity [16].

Poly I:C is a synthetic dsRNA molecule that binds to endosomal TLR3 [20]. It is one of the

most commonly studied TLR ligands, and stimulates type I interferon and mx production [20]

and is known to activate mammalian NK cells in the absence of antigen presenting cells [21–

24]. Poly I:C induced mx expression and demonstrated anti-viral activity in flatfish [25]. Fur-

ther, in mice, Poly I:C treatment induced the activation and accumulation of hepatic NK cells

[22, 26].

R848 is a synthetic compound that mimics viral ssRNA. It is a ligand of endosomal TLR7/8

and belongs to the family of imidazoquinolines, that are known to induce interferon expres-

sion [27–30], especially ifnγ expression from mammalian NK cells [31].

To evaluate PAMP recognition by innate immune cells, we evaluated key immune response

genes mx, tnfα, ifnγ, t-bet and nitr9. Mx is an indirect indicator of type I interferon expression

in teleosts [20, 32–36] and can inhibit viral replication at various stages of the virus life cycle
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[25]. Tnfα is a pro-inflammatory cytokine critical to the host during bacterial and viral infec-

tions [37, 38], and is an indicator of NK cell and macrophage and dendritic cells stimulation.

Ifnγ is a critical proinflammatory cytokine required for protection against bacterial and viral

attacks [32, 39–42]. Teleosts NK and T cells produce ifnγ [32]. Tbox-21 (t-bet) is a transcription

factor required for development of mammalian NK and Th1 cells [43]. Nitr9 is a putative acti-

vating receptor with immunoreceptor tyrosine-based activation motifs (ITAMs), similar to

mammalian activating NK receptors (KIRs and Ly49s) [44]. In this study, expression of the

chosen immune response genes provides information on relative stimulation of general induc-

tion: mx, macrophage induction: tnfα, and NK cell induction: ifnγ, t-bet and nitr9. We used

these genes and the T and B cell deficient rag1-/- mutant zebrafish model to discern the poten-

tial contribution of innate immune cell populations following PRR stimulation. In this study

we evaluated temporal tissue specific transcript expression of immune relevant genes of rag1-/-

mutant zebrafish in response to TLR ligands so that the process of PAMP recognition by LLC

populations could be evaluated. We also morphologically characterized LLCs isolated from

liver, kidney and spleen tissues of these fish.

Materials and methods

2.1 Rag1-/- mutant zebrafish care

All zebrafish used in this study were bred from a homozygous colony of rag1-/- mutant zebra-

fish previously established in the specific pathogen free hatchery in the College of Veterinary

Medicine, Mississippi State University (MSU) [5]. Propagation and experimental protocols

were approved by the MSU Institutional Animal Care and Use Committee (IACUC).

2.2 Cell isolations, cytospins and flow cytometry

Liver, kidney and spleen tissues were removed from 3 rag1-/- mutant zebrafish and individually

weighed. Each tissue type from 3 fish were pooled and comprised one replicate. The weight of

each tissue was recorded. Tissues were collected in cold FACS buffer (2% BSA in Hank’s

buffer) and disrupted on ice with a teflon homogenizer. The homogenate was passed through

a sterile 40μm nylon cell strainer to make single cell suspensions. The liver sample was passed

through the cell strainer twice to remove cell clumps. Filtered cells were placed on a histopaque

1119 gradient (Sigma–Aldrich) and the buffy layer collected. This suspension was centrifuged

at 400xg for 20 minutes, and the supernatant decanted off. Pellets from the kidney and liver

were resuspended in 2.5 mls and the spleen pellet was resuspended in 1 ml of cold Hank’s

buffer without Ca2+ and Mg2+. Cells were counted with a BioRad TC20™ Automated Cell

Counter and viability was assessed by Trypan blue (Invitrogen) exclusion.

The cytospin cartridges were filled with 400μl of cell suspension containing 104 to 106 cells/

ml and centrifuged in a Cyto-tech1 centrifuge at 500 x g for 1 minute. The cytospin slides

were air dried for 20 minutes and stained with Wrights-Giemsa stain (Fisher Scientific Com-

pany) following the manufacturer’s instructions. Slides were viewed on an Olympus BX43 at

1000x magnification. Differential leukocyte counts were performed in each tissue. Cell classifi-

cations were based on morphology. Lymphocyte-like cells (LLCs) were classified as small,

large, and agranular or granular.

Flow cytometry procedures were carried out as previously performed in our lab [5]. Briefly,

each cell preparation was transferred into 3 mL tube containing 2 mL phosphate buffered

saline with 1% fetal bovine serum, Sigma-Aldrich, St. Louis, MI. Zombie green cell viability

dye (Biolegend #423111) was used to determine cell survival. Cells were kept on ice until ana-

lyzed by forward scatter and side scatter on a FACS Calibur (Becton Dickinson). 20,000 cells

were collected per tissue. Forward scatter (FSC) represents cell diameter. The running

Rag1-/- zebrafish immune gene expression and LLCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0184077 September 14, 2017 3 / 22

https://doi.org/10.1371/journal.pone.0184077


parameters were amp gain 3.0 and the threshold 80. Side scatter (SSC) represents cell granular-

ity or complexity. The amp gain was 1.0 and the threshold was 80.

2.3 Quantifying gene expression

Rag1-/- zebrafish were injected intra-coelomically (IC) with β glucan (50μg/0.5g of fish), Poly I:

C (50μg/0.5g of fish) and R848 (0.08μl/0.5g of fish) or endotoxin free PBS (10μl/fish). Fish

were euthanized in buffered 0.02% MS222 and liver, kidney and spleen tissues from fish were

excised at 0h (non-injected fish (n = 5) for basal expression), 1, 6, 12 and 24 hours post injec-

tion (hpi) (n = 3) for each TLR ligand. Whole tissues were immediately transferred to 400μl

Trizol reagent (Zymo Research, USA) and homogenized following standard procedures in our

lab [45]. Total RNA was extracted from each liver, kidney and spleen sample using RNA

extraction kits (Zymo Research, USA) according to the manufacturer’s protocol. The quantity

of extracted total RNA was determined by NanoDrop ND-1000 and ND-8000 8-Sample Spec-

trophotometer and stored at -80˚C until used. cDNA was prepared from 100ng of RNA using

Super script III VILO™ cDNA Synthesis Kit (Invitrogen).

Mx, tnfα, ifnγ, t-bet and nitr9 were measured using real time quantitative PCR. The mx and

t-bet primers and probes (Table 1) were designed by Beacon Design software (BioRad) and

Primer3 plus (GraphPad) software, respectively. The source of the other primers and probes

are included in Table 1. All primers and probes were purchased from Eurofins MWG, Operon,

Huntsville, Alabama, USA. Amplification of the ubiquitously expressed acidic ribosomal phos-

phoprotein (arp) gene was used for the internal control [46]. The amplification was performed

in a 25μl volume containing 10 μl target cDNA and 15 μl master mix containing: 8.8 μl Nucle-

ase free water (GIBCO, Ultra Pure™), 1.5 μl MgCl2 (5mM), 2.5 μl 10x buffer, 0.5 μl dNTPs,

0.2μl Taq Polymerase HS enzyme (Hot Start PCR Kit, TAKARA, Japan), 0.5 μl forward primer

(20μM), 0.5 μl reverse primer (20μM) and 0.5 μl probe (10μM). Thermal cycler parameters for

the PCR program were set as follows: 50˚C for 2 minutes, 95˚C for 10 minutes, 45 cycles of

95˚C for 15 seconds and 61˚C for 1 minute. All samples (biological reps) were run in triplicates

i.e., 3 technical reps/sample.

2.4 Quantifying protein expression

Rag1-/- mutant zebrafish were injected with R848 (0.08μl /fish) and the liver, kidney and spleen

were sampled at 6 hpi. Tissues were homogenized in tissue protein extraction buffer (T-PER)

(ThermoScientific) and supernatant was collected. Protein concentration was estimated in the

supernatant by Bradford’s assay (Sigma-Aldrich). 30mg of protein from liver, kidney and

spleen cell lysate was resolved on 12% SDS-polyacrylamide gels and transferred to polyvinyli-

dene difluoride (PVDF) membranes (BioRad) for western blot analysis. Poly vinyl d f (PVDF)

membranes were incubated in blocking buffer (3% milk in Tris-buffered saline with 0.1%

Tween 20 (TBS-T)) overnight. Membranes were washed in TBS-T and TBS twice for 5 minutes

and once for 5 minutes respectively and were incubated with primary antibody: IgG mouse

anti zebrafish Nitr990.10.5 monoclonal antibody (1:500), a gift from J. Yoder (Shah et al 2012).

Membrane was washed in TBST and TBS twice for 5 minutes and once for 5 minutes respec-

tively and incubated with secondary antibody: goat anti-mouse IgG/HRP conjugated (1:4000)

(ThermoScientific) for 1h at 4˚C. The PVDF blot was stripped for 7 minutes at room tempera-

ture by Restore™ PLUS Western Blot Stripping buffer (ThermoScientific) followed by one

wash in TBS for 5 minutes. Membrane was incubated in blocking buffer overnight at 4˚C fol-

lowed by incubation with anti-GAPDH rabbit polyclonal antibody (1:500) (AnaSpec, Fremont,

CA) overnight at 4˚C. Membrane was washed in TBST and TBS twice for 5 minutes and once

for 5 minutes respectively and incubated with secondary antibody goat anti-rabbit IgG-HRP
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conjugated (1:2000) (ThermoScientific) for 1h at 4˚C. To visualize the bands, PVDF mem-

brane was washed in TBST and stained with Pierce ECL western blotting substrate (Thermo-

Scientific) and developed by using clear blue X-Ray Film (ThermoScientific). Band densities

were determined using Studio Lite Software (Li-Cor).

2.5 Data analysis and statistical evaluation

The different cell sizes were averaged and a Student’s t-test statistical analyses was preformed

to compare the cell size within each tissue. ANOVA was performed to compare cell sizes

between tissues. An alpha level of 0.05 was used to determine the significance of all analyses.

Flow cytometry analyzed cells by forward scatter (FSC) and side scatter (SSC) properties.

Relative gene expression was determined using the Pfaffl method [49]. Data obtained from

qRT-PCR were expressed as fold change and were converted to log2 values. Data were ana-

lyzed by two-way analysis of variance using PROC MIXED (SAS for Windows 9.4, SAS Insti-

tute, Inc., Cary, NC) and are shown in S1 Table. Separate models were used for each gene and

tissue combination. The explanatory variables for all models were treatment, time post injec-

tion, and the treatment x time interaction. The effect of treatment was reported only if the

treatment and treatment x time interaction was significant. If the interaction was significant,

treatment to control comparisons were made at each time point with p values corrected for

multiple comparisons using the SIMULATE option in a LSMESTIMATE statement. Only

treatments that resulted in gene expressions that were significantly different are represented

graphically. Similarly, the 0 hour (non-injected fish) data were transformed to log2 values and

analyzed by analysis of variance using PROC MIXED (SAS for Windows 9.4, SAS Institute,

Inc., Cary, NC). Separate models were used for mx, tnfα, ifnγ, t-bet and nitr9 to compare their

basal expression within the liver, kidney and spleen. Significant differential gene expressions

Table 1. Oligonucleotide primers and probes used for qRT-PCR to quantify gene expression levels of mx, tnfα, ifnγ, t-bet and nitr9.

Gene Oligonucleotide sequences (5’–3’) GenBank Accession No.

arp Fwd:CTGCAAAGATGCCCAGGGA NM_131580

Rev:TTGGAGCCGACATTGTCTGC

Probe:[6~FAM]TTCTGAAAATCATCCAACTGCTGGATGACTACC [BHQ1a~Q] [47]

mx Fwd:GCATCATTAGTTCAGACAGTCG NM_182942.4

Rev:AAATTATCGATAGTGTCGATACAAG

Probe:[6~FAM]TGCTGACTGAACGTGTAACTCAACT [BHQ1a~Q] �

tnfα Fwd:TCGCATTTCACAAGGCAATTT NM_212859

Rev:GGCCTGGTCCTGGTCATCTC

Probe:[6~FAM]AGGCTGCCATCCATTTAACAGG[BHQ1a~Q] [47]

ifnγ Fwd:CTTTCCAGGCAAGAGTGCAGA NM_212864

Rev:TCAGCTCAAACAAAGCCTTTCG

Probe:[6~FAM]AACGCTATGGGCGATCAAGGAAAACGAC[BHQ1a~Q] [47]

t-bet Fwd:GATCAAGCTCTCTCTGTGATAG NM_001170599.1

Rev:GCTAAAGTCACACAGGTCT

Probe:[6~FAM]TTCTGAAGGTCACGGTCACA[BHQ1a~Q] �

nitr9 Fwd:GTCAAAGGGACAAGGCTGATAGTT AY570237.1

Rev:GTTCAAAACAGTGCATGTAAGACTCA

Probe: [6~FAM]CAAGGTTTGGAAAAGCAC[BHQ1a~Q] [48]

Housekeeping gene arp (house-keeping gene) was used as a reference gene.

* The mx and t-bet primers and probes were designed by Beacon Design software (BioRad) and Primer3 plus (GraphPad) software, respectively.

https://doi.org/10.1371/journal.pone.0184077.t001
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were summarized and placed into one of four categories: <10 fold change, 10–100 fold

change,>100 fold change or down -regulated.

Results

3.1 Morphological descriptions of lymphocyte-like cells (LLC) in the liver,

kidney and spleen of T and B cell deficient rag1-/- mutant zebrafish

The average weights of liver, kidney and spleen tissues were 43.33 mg, 15 mg and 2.66 mg

respectively. The average number of cells isolated from the 1119 gradients were 1x 106 cells

from liver tissue, 6.75 x105 cells from kidney tissue, and 1.4x105 cells from spleen tissue. Leu-

kocyte differentials revealed different predominate cell populations in liver, kidney and spleen

tissues (Fig 1). Liver preparations were 36% hepatocytes, 34% small agranular LLCs, 20% large

agranular LLCs and 12% macrophages/monocytes. Kidney preparations were 10% small agra-

nular and granular LLCs, 28% agranular and granular large LLCs, 23% megakaryocytes, 15%

granulocytes, 4% dendritic cells, 9% monocytes and 9% macrophages. Spleen preparations

were 27% small agranular and granular LLCs, 50% large granular LLCs, 16% macrophages and

7% monocytes.

Examination of kidney, liver and spleen cells of the rag1-/- mutant zebrafish by FACS analy-

sis demonstrated different cell populations (Fig 1). On the basis of forward scatter (FSC) and

side scatter (SSC) properties and location in a FSC vs. SCC plot, liver small agranular LCCs

were included in gate 1 and large agranular LCCs were included in gate 2 (Fig 1A), the kidney

small agranular and granular LCCs were included in gate 1 and large agranular and granular

LCCs were included in gate 2 (Fig 1B), and macrophages, large granulocytes and megakaryo-

cytes were included in gate 3. Spleen small agranular and granular LCCs were included in gate

1 and large granular LCCs were included in gate 2 (Fig 1C).

Non-erythroid cytospin preparations from liver, kidney and spleen tissues revealed LLC

populations with NK cell morphological characteristics (Figs 2–4). Two sizes of LCCs were

seen (Table 2). Differences in granularity were observed in small and large cells. The ratio of

large agranular, large granular, small agranular and small granular was different in liver, kid-

ney and spleen tissues. In the liver (Fig 2), small agranular LCCs were 4.8± 0.8 μm and large

agranular LCCs were 7.4 ± 1.1 μm. In the kidney (Fig 3), small LCCs were 6.2 ± 1.3 μm and

large LCCs were 8.8 ± 1.1 μm. Both granular and agranular large LLCs and granular and agra-

nular small LLCs were seen in the kidney. In the spleen (Fig 4), small 6.45 ± 0.5 μm and large

8.7 ± 1.2 μm LCCs were seen. Granular and agranular small LLCs and large granular LCCs

were seen in the spleen. Within each tissue, the large cell size was significantly different from

the small cell size. The size of the large cells was not significantly different between liver, kid-

ney and spleen tissues. The size of the small cells was not significantly different between liver,

kidney and spleen tissues.

3.2 Differential gene expression

3.2.1. Basal gene expression. No significant differences were observed in the gene expres-

sions of mx, tnfα, ifnγ, t-bet and nitr9 between different tissues prior to injecting rag1-/- mutant

zebrafish with TLR ligands (S1 Fig).

3.2.2. Effect of β glucan on mx, tnfα, ifnγ, t-bet and nitr9 expression in liver, kidney and

spleen. β glucan did not affect mx expression in the liver, kidney or spleen. Statistical values

for tissue gene expression studies were summarized (S1 Table).

Liver tnfα expression was affected by β glucan and expression was significantly different

between time points (Fig 5A). β glucan significantly increased the expression of tnfα at 1 hpi

Rag1-/- zebrafish immune gene expression and LLCs
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and 12 hpi but not at 6 hpi and 24 hpi. In the kidney, tnfα expression was significantly different

between time points (Fig 5B). β glucan caused significantly greater tnfα expression at 1 hpi and

6 hpi but not at 12 hpi or 24 hpi. In the spleen, tnfα expression was not significantly affected

(S1 Table).

In the liver, ifnγ expression was significantly affected by β glucan exposure at 1 hpi, 6 hpi,

12 hpi and 24 hpi (Fig 5C). In the kidney, expression was significantly different between time

points (Fig 5D). Kidney ifnγ expression was significantly greater at 1 hpi, 6 hpi and 12 hpi. β

Fig 1. Leukocytes from liver (A), kidney (B) and spleen (C) tissues, based on morphological appearance and FACS forward scatter

(FSC) and side scatter (SSC) characteristics.

https://doi.org/10.1371/journal.pone.0184077.g001
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glucan did not significantly increase ifnγ at 24 hpi. In the spleen, ifnγ expression was signifi-

cantly affected by β glucan at 1 hpi, 6 hpi, 12 hpi and 24 hpi (Fig 5E).

T-bet expression in the liver was not significantly affected by β glucan. In the kidney,

expression was significantly different between time points (Fig 5F), with t-bet expression sig-

nificantly greater only at 6 hpi. β glucan did not significantly affect t-bet expression at 1 hpi, 12

hpi or 24 hpi. In the spleen, expression of t-bet was not significantly affected by β glucan.

β glucan had no effect on nitr9 expression in the liver. In the kidney, expression of nitr9 was

significantly different between time points (Fig 5G), with nitr9 expression significantly down-

regulated at 12 hpi and 24 hpi. β glucan had no effect on nitr9 expression in the spleen.

3.2.3. Effect of Poly I:C on mx, tnfα, ifnγ, t-bet and nitr9 in liver, kidney and spleen.

Poly I:C significantly affected mx expression in liver at 1 hpi, 6 hpi, 12 hpi and 24 hpi (Fig 6A).

In the kidney, expression was significantly different between time points (Fig 6B). There was

increased mx expression at 6 hpi, 12 hpi and 24 hpi. Kidney mx expression was not effected by

Poly I:C at 1 hpi. In the spleen, expression was significantly different between time points (Fig

6C). The expression of mx was significantly greater at 6 hpi and 12 hpi. Poly I:C did not signifi-

cantly affect mx expression at 1 hpi and 24 hpi.

Liver tnfα expression was not significantly affected by Poly I:C. In the kidney, expression

was significantly different between time points (Fig 6D). The expression of tnfα was signifi-

cantly down-regulated at 24 hpi. In the spleen, the expression between different time points

was significantly different, and tnfα expression was significantly down-regulated at 24 hpi (Fig

6E).

Poly I:C did not affect ifnγ expression in the liver. In the kidney, expression was signifi-

cantly different between time points (Fig 6F), and ifnγ expression was significantly greater at

12 hpi. Poly I:C did not significantly affect kidney ifnγ expression at 1 hpi, 6 hpi and 24 hpi.

Poly I:C did not significantly affect splenic expression of ifnγ (S1 Table).

Poly I:C had no effect on t-bet expression in the liver. In the kidney, expression was signifi-

cantly different between time points (Fig 6G), and Poly I:C significantly increased t-bet expres-

sion at 6 hpi. However, Poly I:C did not affect t-bet expression at 1 hpi, 12 hpi and 24 hpi. Poly

I:C had no effect on t-bet expression in the spleen.

Poly I:C did not significantly affect nitr9 expression in liver. In the kidney, nitr9 expression

was significantly different between time points (Fig 6H), and nitr9 expression was significantly

greater at 1 hpi. Poly I:C did not affect nitr9 expression at 6 hpi, 12 hpi and 24 hpi. Poly I:C did

not affect splenic nitr9 expression.

3.2.4. Effect of R-848 on mx, tnfα, ifnγ, t-bet and nitr9 in liver, kidney and spleen. Liver

mx expression was significantly affected by R848 at 1 hpi, 6 hpi, 12 hpi and 24 hpi (Fig 7A). Mx
expression was significantly affected by R848 in kidney at 1 hpi, 6 hpi, 12 hpi and 24 hpi (Fig

7B). Splenic mx expression was affected by R848 and expression was significantly different

Fig 2. Leukocytes in rag1-/- mutant zebrafish liver included: (A) monocytes/macrophages, (B) large LLCs, (C) small LLCs. Cells

were stained with Wright Giemsa and examined under oil immersion by light microscopy and viewed at 1000x magnification. The size bar

represents 10μm.

https://doi.org/10.1371/journal.pone.0184077.g002
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between time points (Fig 7C). R848 significantly increased the splenic mx expression at 6 hpi

and 12 hpi. R848 did not affect splenic mx expression at 1 hpi and 24 hpi. R848 did not affect

tnfα expression in the liver, kidney or spleen (S1 Table).

Liver ifnγ expression was affected by R848, and expression was significantly different

between time points (Fig 7D). R848 significantly increased the expression of ifnγ at 6 hpi, 12

hpi and 24 hpi. However, R848 did not affect ifnγ expression at 1 hpi. In the kidney, ifnγ
expression was affected by R848 at 1 hpi, 6 hpi, 12 hpi and 24 hpi (Fig 7E). Splenic ifnγ

Fig 3. Leukocytes in rag1-/- mutant zebrafish kidney included: (A) megakaryocytes, (B) neutrophils, (C) mast cells, (D) basophils,

(E) eosinophils, (F) dendritic cells, (G) monocytes, (H) macrophages, (I) large granular LLCs, (J) small granular LLCs, (K)

precursor cell, (L) myeloblasts and (M) megakaryoblast. Cells were stained with Wright Giemsa and examined under oil immersion by

light microscopy and viewed at 1000x magnification. The size bar represents 10μm.

https://doi.org/10.1371/journal.pone.0184077.g003
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expression was affected by R848 and expression was significantly different between time points

(Fig 7F). R848 significantly increased the expression of ifnγ at 6 hpi, 12 hpi and 24 hpi. How-

ever, R848 did not affect ifnγ expression at 1 hpi.

Liver t-bet expression was significantly different between time points (Fig 7G) and was

increased at 1 hpi, 6 hpi and 24 hpi. R848 did not affect t-bet expression at 12 hpi. Kidney t-bet
expression was significantly different between time points (Fig 7H) and was increased at 1 hpi

and 6 hpi. R848 did not affect t-bet expression at 12 hpi and 24 hpi. In the spleen, expression of

t-bet was not significantly effected by R848.

Liver nitr9 expression was significantly different between time points (Fig 7I). R848 signifi-

cantly increased nitr9 expression at 1 hpi and 6 hpi. R848 did not affect nitr9 expression at 12

hpi or 24 hpi. In the kidney, nitr9 expression was significantly different between time points

(Fig 7J), and was increased at 6 hpi. R848 did not affect nitr9 expression at 1 hpi, 12 hpi and 24

hpi. In the spleen, nitr9 expression was not significantly affected by R848.

3.3 Protein expression

Expression of NITR9 using anti-NITR990.10.5 antibody in liver, kidney, and spleen tissues of

rag1-/- mutant zebrafish by western blot demonstrated higher expression in the liver and kid-

ney following R848 treatment at 6 hours (Fig 8). These findings correlated with significantly

up-regulated nitr9 expression in the liver and kidney at 6 hpi of R848 (Table 3). Expression of

NITR9 using anti-NITR990.10.5 antibody in the spleen at the same time and treatment is

Table 2. Size analyses of lymphocyte-like cells from liver, kidney and spleen tissues in rag1-/- mutant zebrafish.

Tissues Cells Size ± SD t-test p value ANOVA

Liver Large 7.4 ± 1.1 μm 0.0039* A

Small 4.8 ± 0.8 μm B

Kidney Large 8.8 ± 1.1 μm 0.0096* A

Small 6.2 ± 1.3 μm B

Spleen Large 9.76 ± 1.1 μm 0.0005* A

Small 6.45 ± 0.5 μm B

Cells with the same letter are not significantly different from each other.

*significant when alpha value is <p value. (p = 0.005).

https://doi.org/10.1371/journal.pone.0184077.t002

Fig 4. Leukocytes in rag1-/- mutant zebrafish spleen included: (A) monocytes, (B) macrophages, (C) large granular and small

granular and agranular LCCs. Cells were stained with Wright Giemsa and examined under oil immersion by light microscopy and viewed

at 1000x magnification. The size bar represents 10μm.

https://doi.org/10.1371/journal.pone.0184077.g004
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Fig 5. Graphs depicting changes in mRNA expression over time of tnfα, ifnγ, t-bet and nitr9 in liver, kidney and

spleen after treatment with β glucan. Only tissues and genes that demonstrated significant changes in expression

compared to PBS injected controls are presented. Fold changes in tnfα in liver (A) and kidney (B), ifnγ in liver (C), kidney (D)

and spleen (E), t-bet in kidney (F) and nitr9 in kidney (G) are presented as mean fold change relative to the time zero

group ± standard deviation as measured by quantitative RT-PCR. Arp was used as a housekeeping gene. hpi = hours post

injection; control = PBS (endotoxin-free); Treated = β glucan. *Significant (p<0.05) difference in expression of treated

compared to control. No significant changes in expression were observed in tnfα in spleen, in t-bet in liver and spleen and in

nitr9 in liver and spleen (S1 Table).

https://doi.org/10.1371/journal.pone.0184077.g005
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Fig 6. Graphs depicting changes in mRNA expression over time of mx, tnfα, ifnγ, t-bet and nitr9 in liver, kidney

and spleen after treatment with Poly I:C. Only tissues and genes that demonstrated significant changes in expression

compared to PBS injected controls are presented. Fold changes in mx in liver (A), kidney (B) and spleen (C), tnfα in kidney

(D) and spleen (E), ifnγ in kidney (F), t-bet in kidney (G) and nitr9 in kidney (H) are presented as mean fold change relative

to the time zero group ± standard deviation as measured by quantitative RT-PCR. Arp was used as a housekeeping gene.

hpi = hours post injection; control = PBS (endotoxin-free); Treated = Poly I:C. *Significant (p<0.05) difference in

expression of treated compared to control. No significant changes in expression were observed in tnfα in liver, in ifnγ, t-bet

and in nitr9 in liver and spleen (S1 Table).

https://doi.org/10.1371/journal.pone.0184077.g006
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Fig 7. Graphs depicting changes in mRNA expression over time of mx, tnfα, ifnγ, t-bet, and nitr9 in

liver, kidney and spleen after treatment with R848. Only tissues and genes that demonstrated significant

changes in expression compared to PBS injected controls are presented. Fold changes in mx in liver (A),

kidney (B), and spleen (C), ifnγ in liver (D), kidney (E) and spleen, (F), t-bet in liver (G), and kidney (H) and

nitr9 in liver (I) and kidney (J) are presented as mean fold change relative to the time zero group ± standard

deviations measured by quantitative RT-PCR. Arp was used as a housekeeping gene. hpi = hours post

injection; control = PBS (endotoxin-free); Treated = R848. *Significant (p<0.05) difference in expression of

treated compared to control. No significant changes in expression were observed in t-bet and nitr9 in spleen

(S1 Table).

https://doi.org/10.1371/journal.pone.0184077.g007
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increased, but not substantially. Both NITR9 and GAPDH are 36 KDa. Western blots band

widths were by Image Studio Lite software (LI-COR).

Discussion

Cytology demonstrated the presence of LLCs with NCC and NK cell morphology. The size of

zebrafish LLCs varied in size depending on their tissue locations, and similar variations in NK

cell populations have also been observed in mammals [50]. In this study, we identified small

agranular and large agranular LLCs in the livers, small agranular and granular and large agra-

nular and granular LLCs in the kidneys and small agranular and granular and large granular

LLCs in spleens of rag1-/- mutant zebrafish. Two NK cell homologues have been described in

teleosts: NCCs and NK-like cells (reviewed in [32]). Based on RT-PCR, lymphocyte-like cells

from the rag1-/- mutant zebrafish express NK cell lysin and NCCRP-1 [5]. NK lysin is

expressed by NK cells [51], and NCCRP-1 is expressed by NCC cells [52], suggesting that

NCCs and NK cells are included in the LCC populations we observed. The morphology of the

larger zebrafish LLCs was similar to mammalian NK cells. The smaller LCCs we observed in

our rag1-/- mutant zebrafish were morphologically similar to zebrafish NCCs described by

Moss et al. [53].

The expression of immune response genes mx, tnfα, ifnγ, t-bet (an NK cell transcription fac-

tor) and nitr9 (a putative zebrafish NK cell receptor) in liver, kidney and spleen tissues support

the presence of LLCs and demonstrate tissue specific differential responses of leukocytes fol-

lowing immune stimulation with TLR ligands. Fold changes are shown in Table 3.

β glucan did not affect mx expression in any rag1-/- mutant zebrafish tissues, suggesting this

ligand did not substantially induce type I interferons. Orally administered β glucan up-regu-

lated mx expression 4 fold in liver tissue of common carp, but not in the head kidney or spleen

[20]. Similar to studies in common carp [20], β glucan induced less than 10 fold increases (4

and 8 fold change) in kidney tnfα expression at 1 and 6 hpi in our rag1-/- mutant zebrafish.

The overall greatest change following β glucan exposure was in ifnγ expression. β glucan

stimulates a broad range of immune cell types, and this resulted in increased production of

cytokines that further stimulated immune cells, resulting in an expanding immune response

and additional accumulation of cytokines. Stimulated macrophages and dendritic cells further

stimulate NK cells [54]. NK cells are the main producers of ifnγ, and we saw a 1500 fold

increase of liver ifnγ expression at all time points in our mutant zebrafish (Table 3). Hepatic

agranular small and large LLCs are associated with this dramatic expression. In mice, β glucan

induced changes in cytokine expression correlated with changes in cell populations [55].

Fig 8. Images of western blots demonstrating NITR9 expression in the liver, kidney and spleen in rag 1-/- zebrafish that were IC

injected with R-848 or saline. The lower images demonstrate GAPDH expression on the same blot. The relative density (bottom) is the

pixel density of the NITR9 band divided by the GAPDH.

https://doi.org/10.1371/journal.pone.0184077.g008
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We found kidney ifnγ expression also increased (about 200 fold) following β glucan treat-

ment, and large agranular and granular LLCs were associated with this expression. Similar

increased ifnγ expression occurred in WT zebrafish kidney [56].

β glucan induced greater than 100 fold increases in splenic ifnγ expression at 6 and 24 hpi

and between 10 and 100 fold increases at 1 and 12 hpi. Splenic leukocytes were 50% large

Table 3. Summary of expression changes of significantly up-regulated and down-regulated genes at different hours post injection (hpi) following

immune stimulation by β glucan, Poly I:C and R848 in liver, kidney and spleen of rag1-/- mutant fish.

Treatment Tissues <10 fold change 10–100 fold change >100 fold change Down regulated genes

β glucan Liver tnfα (1 hpi) ifnγ (1 hpi)

tnfα (12 hpi) ifnγ (6 hpi)

ifnγ (12 hpi)

ifnγ (24 hpi)

Kidney tnfα (1 hpi) ifnγ (1 hpi) ifnγ (6 hpi)

tnfα (6 hpi) ifnγ (12 hpi)

t-bet (6 hpi)

Spleen ifnγ (1 hpi) ifnγ (6 hpi)

ifnγ (12 hpi) ifnγ (24 hpi)

Poly I:C Liver mx (1 hpi)

mx (6 hpi)

mx (12 hpi)

mx (24 hpi)

Kidney ifnγ (12 hpi) mx (6 hpi) tnfα (24 hpi)

t-bet (6 hpi) mx (12 hpi)

mx (24 hpi)

nitr9 (1 hpi)

Spleen mx (6 hpi) mx (12 hpi) tnfα (24 hpi)

R848 Liver nitr9 (6 hpi) ifnγ (12 hpi) ifnγ (6 hpi)

ifnγ (24 hpi) t-bet (1 hpi)

nitr9 (1 hpi) t-bet (24 hpi)

t-bet (6 hpi)

mx (1 hpi)

mx (6 hpi)

mx (12 hpi)

mx (24 hpi)

Kidney t-bet (1 hpi) ifnγ (1 hpi) ifnγ (6 hpi)

t-bet (6 hpi) ifnγ (12 hpi)

ifnγ (24 hpi)

nitr9 (6 hpi)

mx (1 hpi)

mx (6 hpi)

mx (12 hpi)

mx (24 hpi)

Spleen mx (6 hpi)

mx (12 hpi)

ifnγ (6 hpi)

ifnγ (12 hpi)

ifnγ (24 hpi)

Level of expression is relative to time zero samples.

https://doi.org/10.1371/journal.pone.0184077.t003
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granular LLCs and 27% small agranular LLCs. β glucan stimulates dendritic cells [57]. Den-

dritic cells are also present in zebrafish [58], and stimulated dendritic cells could be contribut-

ing to the changes in gene expression we observed.

β glucan induced a small increase in kidney t-bet expression, but did not induce changes in

t-bet expression in any other tissues. Others found similar results in grass carp [59] and Atlan-

tic salmon [60]. T-bet is a transcription factor for T cells and NK cells, and these findings sug-

gest that in rag1-/- mutant zebrafish, β glucan stimulated NK cell development in the kidney

hematopoietic tissue, resulting in t-bet up-regulation that later decreased.

β glucan did not up-regulate nitr9 expressions in any tissues in our mutant zebrafish. We

saw decreased expression of nitr9 at 12 and 24 hpi in the kidney tissue after β glucan treatment,

relative to controls. It is interesting to note that ifnγ expression also decreased in the kidney

relative to the peak level at these time points.

Poly I:C has been shown to be a strong inducer of interferon-inducible genes [32]. As an

interferon inducible gene, mx expression is an indicator of increased type I interferon in fish

[61] and mice [62]. In the liver, Poly I:C induced a<10 fold up-regulation of mx in our mutant

zebrafish. Similar results were found in Atlantic salmon [63, 64].

We saw the greatest Poly I:C induction of mx expression increases (10 to 100 fold, Table 3)

in kidney tissue. This was also seen by others in the kidney tissue of Poly I:C injected rag1-/-

zebrafish in microarray analysis [9]. Similar increases occurred in rainbow trout [65], Atlantic

salmon and WT zebrafish kidney tissues [63, 66].

Poly I:C induced a<10 fold increase in splenic mx at 6 hpi and a 10 to 100 fold increase at

12 hpi. Similar increases were found in WT zebrafish spleen cells [66], and in rainbow trout

[33], Atlantic salmon [67], and rock bream spleen tissues [68] and Poly I:C did not increase

mx expression in carp spleen tissues [20].

In our study, Poly I:C did not affect liver tnfα and caused down regulation of tnfα in spleen

and kidney tissues. Poly I:C had no effect on tnfα expression in common carp [20] and rain-

bow trout [33]. However, in gilthead seabream, Poly I:C significantly up-regulated tnfa in aci-

dophilic granulocytes and macrophages at 0.5 and 1.5 hpi [69], and in the head kidney [70, 71]

and rainbow trout anterior kidney leukocytes [72].

Poly I:C treatment had no effect on ifnγ expression in the liver and caused small inductions

in the kidney (ifnγ up-regulated less than 10 fold (Table 3). In another study microarray analy-

sis gave similar equivocal ifnγ change in kidney tissue of Rag1-/- zebrafish [9]. Others docu-

mented induction of kidney ifnγ expression following Poly I:C treatment in Atlantic salmon

[67], rainbow trout [42], grass carp [59], Labeo rohita [73], and WT zebrafish [66]. Poly I:C

treatment had no effect on ifnγ expression in mutant zebrafish spleens. Similar results were

found in Atlantic salmon [67]. In contrast, ifnγ was up-regulated in Poly I:C treated spleens in

rainbow trout [42].

Poly I:C treatment had no effect on t-bet expression in the liver. However, it induced 1.2

fold up regulation of kidney t-bet expression. It also up-regulated kidney t-bet in WT zebrafish

[66] and grass carp [59].

Following Poly I:C treatment, mutant zebrafish kidney tissue demonstrated a 19 fold

increase in nitr9 expression, suggesting stimulation of NK cells. This was the only Poly I:C

induced up-regulation of nitr9 in our study. Since nitr9 is a putative receptor of zebrafish NK

cells [44, 48], our findings suggest that Poly I:C induced kidney NK cell stimulation, and

expansion of NK cells (demonstrated by kidney t-bet up-regulation).

R848 is immune modulating in mammals [74–76], Japanese flounder [77], Atlantic salmon

[64], and rainbow trout [33, 72]. The NF-κB–My-d88 signaling pathway is conserved in fish,

and was induced in Japanese flounder [77] after TLR 7/8 stimulation following R848 exposure.

We found that R848 significantly up-regulated hepatic mx expression (50 fold increase),
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suggesting a steady rise in type I interferon expression in our mutant zebrafish. We also saw a

35 fold up-regulation of mx in kidney tissue. Increases in type 1 interferon were observed in

rainbow trout [78] and Atlantic salmon kidney [64], and fluorescent in situ hybridization fur-

ther demonstrated that a small population of head kidney cells produced type 1 interferon

[64]. We also saw a 6 fold increase in splenic mx gene expression at 6 hpi and 8 fold increase at

12 hpi. In Atlantic salmon, R848 exposure caused type 1 interferon to be significantly up-regu-

lated by a small population of splenic cells [64].

In our study, R848 did not induce differential tnfα expression in any tissues at any time.

However, it induced up-regulation of tnfα in rainbow trout kidney [33], when used at levels

higher than in our study.

The effects of R848 on ifnγ, t-bet or nitr9 expressions are not documented in other fish.

Gene expression does not necessarily correlate to protein expression, but western blots with

Anti-NITR990.10.5 antibody demonstrated increased protein expression after R848 treat-

ment. We feel the significant increases seen in t-bet following TLR ligand treatments sug-

gests that R848 likely resulted in an increased numbers of non-specific cytotoxic cells

(NCCs) and NK cells, and changes in nitr9 expression may reflect changes in the NK cell

population.

Conclusion

We identified LCCs that have characteristic NK cell morphology. Based on size, two LLC pop-

ulations were found in the liver, kidney and spleen. Gene expression data supported the obser-

vations of resident LCC populations in the liver, spleen and kidney.

β glucan treatment caused broad changes in gene expression, predominately ifnγ, and tnfα.

Tnfα is a strong pro-inflammatory cytokine produced predominately from stimulated macro-

phages and ifnγ is produced by stimulated NK cells and macrophages. Because of this strong

proinflammatory environment, the direct effect of β glucan on gene expression is difficult to

interpret. β glucan did not induce changes in the NK cell specific genes t-bet or nitr9 in the

liver or spleen.

Poly I:C induced significant mx up-regulation, which is indicative of type 1 interferons.

Type 1 interferons induce multiple immune changes, and probably induced the tnfα down reg-

ulation observed in our zebrafish kidney tissue. Significant increases in t-bet and nitr9 suggest

NK cell expansion or differentiation and stimulation. In lymphocyte deficient animals, ifnγ is

primarily produced by stimulated NK cells and by macrophages to a lesser extent. This study

demonstrates that Poly I:C produces a more limited and possibly more focused response with

type I interferon and NK cell stimulation but limited macrophage stimulation.

Following R848 treatment, the greatest up-regulation of nitr9 and t-bet occurred in the

liver. R848 also induced NK cell stimulation and possible NK cell expansion in the kidney.

Our studies suggest R848 stimulates NK cells better than Poly I:C, resulting in increased t-bet,
nitr9 and ifnγ expression. R848 is a better NK cell inducer than Poly I:C in humans as well

[31].

Overall, the most substantial and rapid up regulation of a gene expression was hepatic ifnγ.

In comparison, changes in splenic immune gene expressions were much lower than in the

liver and kidney. None of the ligands induced t-bet and nitr9 expression at any time point in

this tissue, suggesting that under the conditions of this study, splenic LLCs were not stimulated

to differentiate, respond immunologically, or proliferate.

T-bet up-regulation either preceded or occurred simultaneously with nitr9, and changes in

nitr9 expression never preceded those of t-bet. This suggests that NK cell expansion and differ-

entiation may occur before increased nitr9 expression. NK cell stimulation and expansion was
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documented in T and B cell deficient rag2-/- mutant mice upon exposure and re-exposure to

murine cytomegalovirus [79]. Zebrafish LLCs may be able to respond similarly.

Our finding of β glucan induction of macrophages mirrors findings in mice resulting from

macrophage training [80, 81]. In summary, these findings suggest that both NK cell based

immunity and macrophage training may occur in T and B cell deficient rag1-/- mutant zebra-

fish following TLR ligand exposure and this may explain protection seen in pathogen chal-

lenges [6, 9]. Dendritic cells may also be involved in a manner not yet discovered. In future

studies, we plan to evaluate the influence of these ligands on protection using the ESC/ rag1-/-

mutant zebrafish model.

Supporting information

S1 Fig. Expression analyses of mx, tnfα, ifnγ, t-bet and nitr9 in liver, kidney and spleen of

non-injected (control) adult rag1-/- mutant zebrafish (n = 6) were analyzed by RT-qPCR.

Gene expression levels of mx, tnfα, ifnγ, t-bet and nitr9 were normalized with housekeeping

gene, arp, expression levels. No significant differences were observed in the gene expressions

between tissues prior to injecting rag1-/- mutant zebrafish with TLR ligands. Data are presented

as mean fold change ± standard deviation.

(PDF)

S1 Table. Differential immune gene expression following stimulation of toll like receptor

(TLR) ligands in rag1-/- mutant zebrafish. The numbers highlighted in grey denote statistical

significance.

(PDF)
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9. Garcı́a-Valtanen P, Martı́nez-López A, López-Muñoz A, Bello-Perez M, Medina-Gali RM, del Mar

Ortega-Villaizán M, et al. Zebra Fish lacking adaptive immunity acquire an antiviral alert state character-

ized by Upregulated gene expression of apoptosis, Multigene Families, and interferon-related genes.

Frontiers in immunology. 2017; 8.

10. Estepa A, Coll J. Innate multigene family memories are implicated in the viral-survivor zebrafish pheno-

type. PloS one. 2015; 10(8):e0135483. https://doi.org/10.1371/journal.pone.0135483 PMID: 26270536

11. Krishnavajhala A, Muire PJ, Hanson L, Wan H, McCarthy F, Zhou A, et al. Transcriptome Changes

Associated with Protective Immunity in T and B Cell-Deficient Rag1-/-Mutant Zebrafish. International

Journal of Immunology. 2017; 5(2):20–36.

12. Meijer AH, Gabby Krens S, Medina Rodriguez IA, He S, Bitter W, Ewa Snaar-Jagalska B, et al. Expres-

sion analysis of the Toll-like receptor and TIR domain adaptor families of zebrafish. Molecular immunol-

ogy. 2004; 40(11):773–83. PMID: 14687934

13. Brown GD, Gordon S. Immune recognition: a new receptor for β-glucans. Nature. 2001; 413(6851):36–

7.

14. Brown GD, Gordon S. Fungal β-Glucans and Mammalian Immunity. Immunity. 2003; 19(3):311–5.

PMID: 14499107

15. Brown GD, Herre J, Williams DL, Willment JA, Marshall AS, Gordon S. Dectin-1 mediates the biological

effects of β-glucans. The Journal of experimental medicine. 2003; 197(9):1119–24. https://doi.org/10.

1084/jem.20021890 PMID: 12719478

16. Di Renzo L, Yefenof E, Klein E. The function of human NK cells is enhanced by β-glucan, a ligand of

CR3 (CD11b/CD18). European journal of immunology. 1991; 21(7):1755–8. https://doi.org/10.1002/eji.

1830210726 PMID: 2060581

17. Chan GC-F, Chan WK, Sze DM-Y. The effects of β-glucan on human immune and cancer cells. Journal

of Hematology & Oncology. 2009; 2:25.

18. Vetvicka Vaclav V L, and Sima Petr. The Effects of b- glucan on fish immunity. North American Journal

of Medical Sciences Oct 2013; 5(10):580–8. https://doi.org/10.4103/1947-2714.120792 PMID:

24350069

19. Janeway C, Murphy KP, Travers P, Walport M. Janeway’s immunobiology: Garland Science; 2008.

20. Falco A, Miest JJ, Pionnier N, Pietretti D, Forlenza M, Wiegertjes GF, et al. β-Glucan-supplemented

diets increase poly (I: C)-induced gene expression of Mx, possibly via Tlr3-mediated recognition mecha-

nism in common carp (Cyprinus carpio). Fish & shellfish immunology. 2014; 36(2):494–502.

Rag1-/- zebrafish immune gene expression and LLCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0184077 September 14, 2017 19 / 22

https://doi.org/10.1111/j.1365-2672.2012.05325.x
http://www.ncbi.nlm.nih.gov/pubmed/22548608
http://www.ncbi.nlm.nih.gov/pubmed/15084267
https://doi.org/10.1371/journal.pone.0044451
http://www.ncbi.nlm.nih.gov/pubmed/22970222
https://doi.org/10.1111/eci.12132
https://doi.org/10.1111/eci.12132
http://www.ncbi.nlm.nih.gov/pubmed/23869409
https://doi.org/10.1371/journal.pone.0135483
http://www.ncbi.nlm.nih.gov/pubmed/26270536
http://www.ncbi.nlm.nih.gov/pubmed/14687934
http://www.ncbi.nlm.nih.gov/pubmed/14499107
https://doi.org/10.1084/jem.20021890
https://doi.org/10.1084/jem.20021890
http://www.ncbi.nlm.nih.gov/pubmed/12719478
https://doi.org/10.1002/eji.1830210726
https://doi.org/10.1002/eji.1830210726
http://www.ncbi.nlm.nih.gov/pubmed/2060581
https://doi.org/10.4103/1947-2714.120792
http://www.ncbi.nlm.nih.gov/pubmed/24350069
https://doi.org/10.1371/journal.pone.0184077


21. Schmidt KN, Leung B, Kwong M, Zarember KA, Satyal S, Navas TA, et al. APC-independent activation

of NK cells by the Toll-like receptor 3 agonist double-stranded RNA. The Journal of Immunology. 2004;

172(1):138–43. PMID: 14688319

22. Dong Z, Wei H, Sun R, Hu Z, Gao B, Tian Z. Involvement of natural killer cells in PolyI: C-induced liver

injury. Journal of hepatology. 2004; 41(6):966–73. https://doi.org/10.1016/j.jhep.2004.08.021 PMID:

15582130

23. McCartney S, Vermi W, Gilfillan S, Cella M, Murphy TL, Schreiber RD, et al. Distinct and complemen-

tary functions of MDA5 and TLR3 in poly (I: C)-mediated activation of mouse NK cells. The Journal of

experimental medicine. 2009; 206(13):2967–76. https://doi.org/10.1084/jem.20091181 PMID:

19995959

24. Pisegna S, Pirozzi G, Piccoli M, Frati L, Santoni A, Palmieri G. p38 MAPK activation controls the TLR3-

mediated up-regulation of cytotoxicity and cytokine production in human NK cells. Blood. 2004; 104

(13):4157–64. https://doi.org/10.1182/blood-2004-05-1860 PMID: 15315972

25. Fernandez-Trujillo A, Ferro P, Garcia-Rosado E, Infante C, Alonso M, Bejar J, et al. Poly I: C induces

Mx transcription and promotes an antiviral state against sole aquabirnavirus in the flatfish Senegalese

sole (Solea senegalensis Kaup). Fish & shellfish immunology. 2008; 24(3):279–85.

26. Wang J, Xu J, Zhang W, Wei H, Tian Z. TLR3 ligand-induced accumulation of activated splenic natural

killer cells into liver. Cell Mol Immunol. 2005; 2(6):449–53. PMID: 16426495

27. Jurk M, Heil F, Vollmer J, Schetter C, Krieg AM, Wagner H, et al. Human TLR7 or TLR8 independently

confer responsiveness to the antiviral compound R-848. Nature immunology. 2002; 3(6):499-. https://

doi.org/10.1038/ni0602-499 PMID: 12032557

28. Hemmi H, Kaisho T, Takeuchi O, Sato S, Sanjo H, Hoshino K, et al. Small anti-viral compounds activate

immune cells via the TLR7 MyD88–dependent signaling pathway. Nature immunology. 2002; 3(2):196–

200. https://doi.org/10.1038/ni758 PMID: 11812998

29. KilengØ, Albuquerque A, Robertsen B. Induction of interferon system genes in Atlantic salmon by the

imidazoquinoline S-27609, a ligand for Toll-like receptor 7. Fish & shellfish immunology. 2008; 24

(5):514–22.
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