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Vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol) are fat-soluble secosteroid hormones obtained from plant and animal sources, respectively. Fish incorporates vitamin D2 and D3 through the diet. In mammals, vitamin D forms are involved in mineral metabolism, cell growth, tissue differentiation, and antibacterial immune response. Vitamin D is an essential nutrient in aquafeeds for finfish. However, the influence of vitamin D on fish cell immunity has not yet been explored. Here, we examined the effects of vitamin D2 and vitamin D3 on Salmo salar primary macrophage immune response to A. salmonicida subspecies salmonicida infection under in vitro conditions. We determined that high concentrations of vitamin D2 (100,000 ng/ml) and D3 (10,000 ng/ml) affect the growth of A. salmonicida and decrease the viability of S. salar primary macrophages. In addition, we determined that primary macrophages pre-treated with a biologically relevant concentration of vitamin D3 for 24 h showed a decrease of A. salmonicida infection. In contrast, vitamin D2 did not influence the antibacterial activity of the S. salar macrophages infected with A. salmonicida. Vitamin D2 and D3 did not influence the expression of canonical genes related to innate immune response. On the other hand, we found that A. salmonicida up-regulated the expression of several canonical genes and suppressed the expression of leukocyte-derived chemotaxin 2 (lect-2) gene, involved in neutrophil recruitment. Primary macrophages pre-treated for 24 h with vitamin D3 counteracted this immune suppression and up-regulated the transcription of lect-2. Our results suggest that vitamin D3 affects A. salmonicida attachment to the S. salar primary macrophages, and as a consequence, the A. salmonicida invasion decreased. Moreover, our study shows that the positive effects of vitamin D3 on fish cell immunity seem to be related to the lect-2 innate immunity mechanisms. We did not identify positive effects of vitamin D2 on fish cell immunity. In conclusion, we determined that the inactive form of vitamin D3, cholecalciferol, induced anti-bacterial innate immunity pathways in Atlantic salmon primary macrophages, suggesting that its utilization as a component of a healthy aquafeed diet in Atlantic salmon could enhance the immune response against A. salmonicida.
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INTRODUCTION

Vitamin D is a fat-soluble secosteroid hormone that plays a crucial role in calcium and phosphorus homeostasis, cardiovascular physiology, cell proliferation and differentiation, among other functions (1–6). In fish, vitamin D is involved in the endocrine control of calcium and phosphorus homeostasis, similar to mammals (4). Also, it has been shown that vitamin D can act as an immunomodulatory agent in mammals (7, 8).

In contrast to terrestrial vertebrates, fish are not able to obtain vitamin D through the photochemical pathway, thus fish must ingest vitamin D from dietary sources (9). In freshwater and marine environments, the main dietary sources of vitamin D are phytoplankton and zooplankton (9). Phytoplankton provide fish with vitamin D2 (ergocalciferol), while zooplankton provide them with vitamin D3 (cholecalciferol) (10).

The beneficial stimulatory effects of vitamins D2 and D3 on innate immunity have been described in humans and other mammals (5, 8, 11–14). The positive effects of vitamins in fish are well-established, and currently vitamins D2 and D3 are essential components of aquafeed diets (4). Additionally, vitamin D is utilized as an adjuvant in aqua-vaccine preparations (15). However, the role of vitamin D in fish physiology is still enigmatic, and the immune stimulant mechanisms against infectious diseases are unknown.

Atlantic salmon (Salmo salar) is a high-value cultured finfish species, and the main species cultured in Canada, Chile, UK, and Norway (16–18). Infectious diseases caused by bacterial pathogens such as Renibacterium salmoninarum, Piscirickettsia salmonis, Vibrio anguillarum, and Aeromonas salmonicida subsp. salmonicida (19–24), have affected this industry since its origin (25, 26). Currently, several measures are utilized to prevent infectious diseases in the Atlantic salmon aquaculture industry, including a healthy diet that includes immunostimulants (27–29).

Functional constituents of healthy aquafeed diets like essential nutrients (such as vitamins, probiotics, prebiotics, and immunostimulants) are currently being considered to improve not only fish growth and stress tolerance, but also the resistance to diseases by enhancing non-specific defense mechanisms (30, 31). These essential nutrients are capable of directly activating immune mechanisms, such as phagocytic activity (e.g., macrophages and neutrophils), complement system, lysozyme activity, and others (32–34). Phagocytosis is an active host defense mechanism, involving the action of monocytes, dendritic cells, neutrophils, and macrophages (34–36). From these phagocytic leukocytes, the macrophages play an important role linking the innate and adaptive immune responses, and previous studies have shown that immunostimulants (i.e., fructooligosaccharides, mannanoligosaccharides) can successfully enhance the phagocytic activity in rainbow trout and European sea bass (34, 37, 38).

Immunostimulants are natural compounds that have been shown to be safe and effective for fish (30, 33, 39). In humans, vitamin D plays an important role in the suppression of pro-inflammatory cytokines such as il-17, il-1b, and tnf-α in individuals affected by type 2 diabetes and autoimmune diseases, preventing chronic inflammation (40, 41). Additionally, vitamin D significantly reduces Staphylococcus aureus infection in pre-treated bovine epithelial cells and modulates the expression of innate immune related genes (8, 13, 14). These studies suggest that vitamin D could trigger similar protective effects in fish. Here, we evaluate the effects of vitamins D2 and D3 on the innate immune responses of Atlantic salmon primary macrophages to A. salmonicida infection.



MATERIALS AND METHODS


Aeromonas salmonicida Growth Conditions

A. salmonicida was grown in accordance to the protocol used by Soto-Dávila et al. (42). Briefly, a single colony of A. salmonicida J223 (24) was incubated in 3 ml of Trypticase Soy Broth (TSB, Difco, Franklin Lakes, NJ) at 15°C in a 16 mm diameter glass tube and placed in a roller for 24 h. After growth, 300 μl of the overnight culture was added to 30 ml of TSB media using a 250 ml flask and incubated for 24 h at 15°C with aeration (180 rpm). After bacteria reached an O.D. 600 nm ~0.7 (1 × 108 CFU ml−1), the bacterial culture was centrifuged at 6,000 rpm at room temperature for 10 min. The pellet was washed twice with phosphate buffered saline [PBS; 136 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4, 1.5 mM KH2PO4 (pH 7.2)] and centrifuged at 6,000 rpm at room temperature for 5 min, and finally resuspended in 300 μl of PBS (~5 × 1010 CFU ml−1). The concentrated bacterial inoculum was serially diluted and quantified by plating onto TSA supplemented with Congo red (50 μg ml−1) for 4 days.



Vitamin D2 and D3 Inhibitory Effects on A. salmonicida Growth

To determine whether vitamin D2 or vitamin D3 have inhibitory effect on A. salmonicida growth, 30 μl of the overnight growth bacteria were placed in 3 ml of TBS containing different concentrations of vitamin D2 (10; 100; 1,000; 10,000; and 100,000 ng ml−1; Sigma-Aldrich) or vitamin D3 (10; 100; 1,000; and 10,000 ng ml−1; Sigma-Aldrich). Bacterial growth was measured by O.D. 600 nm until 48 h. The effect of each vitamin concentration on A. salmonicida growth was measured in triplicate, and TSB media containing the respective vitamin D concentration was utilized as a blank.



Fish Holding

Adult specimens of Atlantic salmon 4.0 ± 0.1 kg (mean ± SE) were obtained from the Dr. Joe Brown Aquatic Research Building (JBARB) at the Department of Ocean Sciences, Memorial University of Newfoundland, Canada. The animals were kept in 37 m3 tanks, with flow-through (100 l min−1) seawater (6.5°C) and ambient photoperiod. The individuals were fed twice per day with commercial salmonid dry pellets (Skretting Optiline Microbalance 3000 EP, 12.0 mm pellets: 38% protein, 33% fat, 1.6% calcium, 1.5% fiber, 1% phosphorus) with a ration of 0.5% of body weight per day. The experiment was performed in accordance with the guidelines of the Canadian Council on Animal Care and approved by Memorial University of Newfoundland's Institutional Animal Care Committee (protocols #17-01-JS; #17-02-JS).



Macrophage Isolation

Primary macrophages were isolated from Atlantic salmon head kidney. Tissues from 6 fish were aseptically removed and individually minced through 100 μm nylon sterile cell strainers (Fisher Scientific, Thermo Fisher Scientific, Waltham, MA, USA) in isolation media [(Leibovitz-15 (Gibco®, Gran Island, NY, USA) supplemented with 250 μg ml−1 heparin, 100 U ml−1 penicillin, 100 μg ml−1 streptomycin, and 0.1% Fetal Bovine Serum (FBS)]. After this period, 4 ml of cell suspension were centrifuged (1,000 × g at 4°C) for 30 min in a 34/51% Percoll gradient (GE Healthcare, Uppsala, Sweden). Macrophages collected from the macrophage-enriched interface were washed with PBS twice and the number and viable cells were determined using the Countness™ cell counter (Invitrogen), and trypan blue stain (Invitrogen). After determining the cell concentration (number of cells per ml−1) of each sample, the primary macrophages were seeded in 22 mm 12-well or 35 mm 6-well cell-culture multidishes (Thermo Scientific, Roskilde, Denmark) at a concentration of 1 x 107 cells ml−1. The plates were incubated at 15°C for 24 h in isolation media. After this period the cells were washed with PBS and incubated at 15°C for an additional 4 days in 1 ml of culture media (Leibovitz-15 (Gibco®), supplemented with 0.1% 2-Mercaptoethanol, 100 U ml−1 penicillin, 100 μg ml−1 streptomycin, and 5% FBS) to allow cell attachment until the assays were performed.



Vitamin D2 and D3 Toxicity in Atlantic Salmon Primary Macrophages

Atlantic salmon primary macrophages were seeded in 12-well cell-culture multidishes at a concentration of 1 x 107 cells ml−1. After 4 days of incubation the culture media was removed, cells washed with PBS, and 1 ml of culture media containing different concentrations of vitamin D2 (10; 100; 1,000; 10,000; and 100,000 ng ml−1) or vitamin D3 (10; 100; 1,000; and 10,000 ng ml−1) was added. Twenty-four hours and 48 h post-vitamin treatment, cells were treated with 500 μl of trypsin-EDTA (0.5%; Gibco) for 10 min, and then trypsin was inactivated with 500 μl of culture media. The cells were stained with trypan blue (0.4%; Invitrogen) in a ratio of 1:1 (10 μl: 10 μl) and quantified using Countess™ Cell Counting Chamber Slides (Invitrogen) and Countess® Automated Cell Counter (Invitrogen) according to the manufacturer's instructions. Viability of cells was determined for each vitamin D2 and D3 concentration and the control group. All samples were taken from 6 individual fish.



Gentamicin Exclusion Assay

Infections of primary macrophages with A. salmonicida were performed according to the protocol used by Soto-Dávila et al. (42) with modifications. Briefly, after 4 days, the primary macrophages were washed with 1 ml of PBS and inoculated with 1 ml of culture media without antibiotics containing either 100 ng ml−1 of vitamin D2 or D3 for 24 h. After this period, media was removed, cells washed with 1 ml of PBS, and pre-treated primary macrophage monolayers were infected with 10 μl of bacterial suspension [~1 × 107 cells ml−1; Multiplicity of Infection (MOI) 1:1 (bacteria:macrophage)] and incubated at 15°C. For attachment, after 1 h of infection, the infected primary macrophage monolayers were washed twice with 1 ml of PBS and then lysed using 400 μl of Triton X100 (0.01%; Sigma) for 10 min (43). After this 600 μl of PBS was added to complete 1 ml of lysed macrophage suspension. Then, the lysed macrophage suspensions were serially diluted (1:10) and plate/counted on TSA plates supplemented with Congo red to determine the number of viable A. salmonicida per monolayer. The plates were incubated at 15°C for 5 days to determine the CFU per well.

For invasion, the primary macrophages were infected for 1 h, washed twice with 1 ml of PBS, and 1 ml of fresh culture media supplemented with gentamicin (10 μg ml−1, a higher concentration than the minimal inhibitory concentration) (24) was added. Gentamicin treatment was applied to kill remaining extracellular bacteria. After 2, 3, and 4 h of infection, the infected primary macrophage monolayers were washed twice with PBS and then lysed using 400 μl of Triton X100 (0.01%) for 10 min (43). After this, 600 μl of PBS was added to complete 1 ml of lysed macrophage suspension. Then, the lysed macrophage suspensions were serially diluted (1:10) and plate/counted on TSA plates supplemented with Congo red to determine the number of viable intracellular A. salmonicida per monolayer. The plates were incubated at 15°C for 5 days to determine the CFU per well. All samples were taken from 6 individual fish.



Vitamin D2 and D3 Pre-treated Primary Macrophage Viability After A. salmonicida Infection

To determine the viability of infected primary macrophages, the cells were seeded in 12 wells plates, pre-treated with 100 ng ml−1 of vitamin D2 or vitamin D3, infected with A. salmonicida, and processed following the method used during the gentamicin exclusion assay. Cells were washed with 1 ml of PBS and then treated with 500 μl of trypsin-EDTA (0.5%; Gibco) for 10 min. After this period, the trypsin was inactivated with 500 μl of culture media. The primary macrophages were stained using trypan blue (0.4%; Invitrogen) in a ratio of 1:1 (10 μl: 10 μl) and quantified using Countess™ Cell Counting Chamber Slides (Invitrogen) and the Countess® Automated Cell Counter (Invitrogen) according to the manufacturer's instructions. The numbers of alive and dead cells were determined at each time point post-infection. All the primary macrophages were isolated from 6 individual fish and technical triplicates were utilized.



RNA Extraction

RNA samples were obtained from head kidney primary macrophages inoculated with either PBS; live A. salmonicida (J223); formalin-killed A. salmonicida (FK J223); 100 ng ml−1 vitamin D2 or D3; 1,000 ng ml−1 vitamin D2 or D3, or 100 ng ml−1 vitamin D2 or D3 + live A. salmonicida (J223). The treatments that included vitamin D (D2 or D3) were pre-treated with the respective concentration 24 h before the challenge, meanwhile treatments without vitamin D were pre-treated only with the control vehicle 24 h before the challenge. Each sample was obtained 3 h post-inoculation.

Total RNA from Atlantic salmon primary macrophages was extracted using 1 ml of TRIzol Reagent (Invitrogen), and purified using the RNeasy® Mini Kit (QIAGEN) following the manufacturer's instructions (44). RNA samples were treated with 2 U of TURBO DNase (TURBO DNA-free™ Kit, Invitrogen) following the manufacturer's instructions to degrade any residual genomic DNA. Briefly, samples were incubated at 37°C for 30 min, 2.5 μl of DNase Inactivation Reagent was added, and samples incubated 5 min at room temperature. Then, samples were centrifuged at 10,000 x g for 1.5 min and the supernatant containing the RNA carefully transferred to a new tube. Purified RNA samples were quantified and evaluated for purity (A260/280 and A260/230 ratios) using a Nano-quant spectrophotometer (Genway, UK), and evaluated for integrity using 1% agarose gel electrophoresis (45). Column purified RNA samples had A260/280 ratios between 1.9 and 2.1 and A260/230 ratios between 1.9 and 2.2. A PCR test was conducted using the reference genes' primers [60S ribosomal protein L32 (rpl32) and β-actin] and the RNA as template to rule out the presence of DNA. All RNA samples did not show presence of DNA.

First-strand cDNA templates for qPCR were synthesized from 500 ng of DNaseI-treated, column-purified total RNA using SuperScript™ IV VILO™ Master Mix (Invitrogen) following the manufacturer's instructions. Each sample was incubated at 25°C for 10 min, at 50°C for 10 min, and at 85°C for 5 min.



Gene Paralogue Discovery and qPCR

All qPCR reactions were performed in a 20 μl reaction, containing 1 × PowerUp SYBR Green Master Mix (Applied BioSystems, Foster City, CA, USA), 500 nM (final concentration) of both the forward and reverse primer and the indicated cDNA quantity. All samples were amplified and detected using the QuantStudio 3 Real Time PCR System (Applied BioSystems). The reaction mixtures were incubated for 2 min at 50°C, then 2 min at 95°C, followed by 40 cycles of 1 s at 95°C, 30 s at 60°C, and finally 15 s at 95°C, 1 min at 60°C, and 15 s at 95°C.

The primer sequences of interleukin 1 beta (il-1b), interleukin 8 (il-8), tumor necrosis factor alpha (tnf-α), soluble toll-like receptor 5 (stlr5), and leukocyte-derived chemotaxin 2 (lect-2) are listed in Table 1. Gene paralogue discovery, qPCR primer design and initial quality testing were performed as described in Caballero-Solares et al. (49). Since the reagents, cycling conditions and samples were different in the current study, primer efficiencies (Table 1) were reassessed. Briefly, a 7-point 1:3 dilution series starting with cDNA representing 40 ng of input total RNA was generated, and efficiencies then calculated using the formula E = 10(−1/slope) (50).


Table 1. Primers used in qPCR studies.

[image: Table 1]

Transcripts levels of the genes of interest (il-1b, il-8, tnf-α, stlr5, and lect-2) were normalized to transcript levels of two endogenous control genes. Levels of five candidate normalizers (60S ribosomal protein 32; β-actin, 18S, elongation factor 1 alpha, and hypoxanthine phosphoribosyl transferase 1) were assessed in 50% of the samples (i.e., in 3 random samples per treatment) using cDNA representing 40 ng of input total RNA. Reference gene stability was then analyzed using both geNorm and BestKeeper (Supplementary Table 1). Both analyses identified β-actin (geNorm M = 0.592; BestKeeper value = 0.263) and 60S ribosomal protein L32 (geNorm M = 0.592; BestKeeper value = 0.364) and as the most stably expressed genes (Supplementary Table 1).

After normalizer testing was completed, transcript levels of the genes of interest were analyzed in the individual study samples, with normalization to both β-actin and 60S ribosomal protein L32. In all cases, levels were assessed (in triplicate) in six individuals per treatment using cDNA representing 40 ng of input total RNA. On each gene a no RT control was included. Gene expression was determined using the comparative 2−ΔΔCt method (51).



Phagocytosis Assay

The phagocytosis assay was performed following the protocol used by Smith et al. (39) with modifications. Cells were incubated for 3 days and inoculated with vehicle control (2 μl of ethanol in 1 ml of culture media without antibiotics), 100; 1,000; or 10,000 ng ml−1 of either vitamin D2 or D3 for 24 h. After this time, cells were washed twice with PBS, and inoculated with 1 μm of Fluoresbrite YG microspheres at a ratio of ~1:30 macrophage:microsphere (Polysciences, Warrington, PA, USA) (39, 52). Twenty-four hours after microsphere addition, primary macrophages were washed with PBS and posteriorly cells treated with trypsin-EDTA (0.5%; Gibco) for 10 min. Then, cells were resuspended in 500 μl of FACS buffer (PBS + 1% FBS). Fluorescence was detected from 10,000 cells using a BD FACS Aria II flow cytometer and analyzed using BD FACS Diva v7.0 software (BD Biosciences, San Jose, CA, USA). The control pre-treated macrophages were used to compare with the FITC positive cells in vitamin D pre-treated cells. Percentages of FITC positive cells were determined for each condition. The experiments were conducted using macrophages isolated from 3 independent fish.



Statistical Analysis

All data are shown as the mean ± standard error (SE). Assumptions of normality and homoscedasticity were tested for the detected variances. A Kruskal-Wallis non-parametric test was performed for A. salmonicida growth curve and gene expression results. Macrophages viability, gentamicin exclusion assay, and phagocytosis assay data were analyzed using a repeated measures two-way ANOVA test, followed by Sidak multiple comparisons post hoc test to identify significant differences of each treatment in different times or concentrations and between treatments in the same time point. Differences were considered significant at P < 0.05. All statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla California USA, www.graphpad.com).




RESULTS


Inhibitory Effects of Vitamin D2 and D3 on A. salmonicida Growth

Growth of A. salmonicida at different concentrations of vitamin D2 and D3 was determined by O.D. 600 nm at different time points until 48 h. Bacteria growth was not affected in concentrations of 10, 100, 1,000, and 10,000 ng ml−1 of vitamin D2 (vitamin D2) (Figure 1A). In contrast, A. salmonicida growth was significantly reduced in the presence of 100,000 ng ml−1 of vitamin D2 (Figure 1A). A. salmonicida growth was not affected by 10 and 100 ng ml−1of vitamin D3 (vitamin D3) (Figure 1B). However, A. salmonicida growth was significantly affected by 1,000 and 10,000 ng ml−1 of the vitamin D3 (Figure 1B).


[image: Figure 1]
FIGURE 1. Aeromonas salmonicida subsp. salmonicida growth curve in TSB media supplemented with (A) 10, 100, 1,000, 10,000, and 100,000 ng ml−1 of vitamin D2 and (B) 10, 100, 1,000, and 10,000 ng ml−1of vitamin D3. Growth was determined by reading O.D. 600 nm at different time points until 48 h. Each value is the mean ± S.E.M (n = 3). Symbols (*, +) indicate differences between each group at different time points of measure, p < 0.05.




Evaluation of the Toxicity of Vitamin D2 and D3 in Atlantic Salmon Primary Macrophages

Atlantic salmon primary macrophage viability was determined after 24 and 48 h of exposure to concentrations of 0, 10, 100, 1,000, 10,000, and 100,000 ng ml−1 of vitamin D2. Results obtained did not show significant differences in viability between the control group, compared with the cells treated with 10, 100, 1,000, and 10,000 ng ml−1 of vitamin D2. However, a significant difference was observed in cells inoculated with the media containing a concentration of 100,000 ng ml−1 of vitamin D2 after 24 h (1.67 × 104 ± 6.67 × 103) and 48 h (6.67 × 103 ± 6.67 × 103) (Figure 2A).


[image: Figure 2]
FIGURE 2. Atlantic salmon primary macrophages treated with vitamin D2 or D3. (A) Live cells and (B) percentage of viability of primary macrophages treated with 10, 100, 1,000, 10,000, and 100,000 of vitamin D2, were measured after 24 and 48 h of treatment. (C) Live cells and (D) percentage of viability of primary macrophages treated with 10, 100, 1,000, and 10,000 ng ml−1 of vitamin D3 were measured after 24 and 48 h of treatment. Each value represents the mean ± S.E.M (n = 6). Lower case letters (a, b) show differences between treatments after 24 h. Upper case letters (A,B,C) show differences between treatments after 48 h. Asterisks (*) represent significant differences between treatments (*p < 0.05, **p < 0.01).


The percentage of viability did not show significant differences between the control group and the primary macrophages treated with 10, 100, 1,000, and 10,000 ng ml−1 of vitamin D2. Nevertheless, a highly significant decrease in macrophage viability was observed at a concentration of 100,000 ng ml−1 of vitamin D2 after 24 h (13.33 ± 4.48%) and 48 h (5.67 ± 5.67%) (Figure 2B).

The viability of Atlantic salmon primary macrophages was also determined at 24 and 48 h post-treatment with vitamin D3 in concentrations of 10, 100, 1,000, and 10,000 ng ml−1. The number of live cells per ml did not show significant differences in primary macrophages treated with 10, 100, and 1,000 ng ml−1 (Figure 2C). Moreover, no significant differences were observed in the viability of primary macrophages treated with 10,000 ng ml−1 of vitamin D3 after 24 h compared with the control (Figure 2C). Nevertheless, in cells exposed to 10,000 ng ml−1 of vitamin D3, a significant decrease in the viability was observed after 48 h of treatment (2.85 × 105 ± 1.44 × 104) (Figure 2C).

The percentage of viability in vitamin D3 treated cells did not show significant differences after 24 h of exposure to concentrations of 10, 100, 1,000, and 10,000 ng ml−1 compared with the control group (Figure 2D). Also, no significant differences were observed in Atlantic salmon macrophages treated during 48 h with vitamin D3 in a concentration of 10, 100, and 1,000 ng ml−1 compared with the control (Figure 2D). However, a significant decrease was observed in cells incubated with a concentration of 10,000 ng ml−1 of vitamin D3 compared with the control and all the lower doses of vitamin D3 at the 48 h time point (59.00 ± 1.15%) (Figure 2D). Moreover, in the group incubated at a concentration of 1,000 ng ml−1 of vitamin D3, a significant higher percentage of viability was observed in cells treated for 48 h compared with the 24 h group (Figure 2D). Also, in the primary macrophages treated with 10,000 ng ml−1 of vitamin D3, a significant difference was observed at different times, showing a decrease in the viability of cells treated for 48 h with vitamin D3 compared with the cells incubated for only 24 h (Figure 2D).



Gentamicin Exclusion Assay in Vitamin D2 and D3 Pre-treated Cells Infected With A. salmonicida

The effects of vitamins D2 and D3 on the growth of A. salmonicida (Figure 1) and the effects on the viability of primary macrophages (Figure 2) were used to determine the concentration to be utilized in the gentamicin exclusion assays. Based on these results, the primary macrophages were pre-treated with 100 ng ml−1 (vitamin D2 or D3) for the gentamicin exclusion assay.

Cells pre-treated for 24 h with 100 ng ml−1 of vitamin D2 and then infected with A. salmonicida, did not show significant differences in cell numbers at 1, 2, 3, and 4 h post-infection compared with the control group (Figure 3A). Also, no significant differences were observed in the viability of primary macrophages pre-treated and then infected with A. salmonicida at 1, 2, 3, and 4 h post-infection compared with the control group (Figure 3B).
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FIGURE 3. Gentamicin exclusion assay in Atlantic salmon primary macrophages pre-treated for 24 h with either control or 100 ng ml−1 of vitamin D2 or vitamin D3, and then infected with Aeromonas salmonicida subsp. salmonicida. Live cells of primary macrophages pre-treated with vitamin D2 (A), or vitamin D3 (E); percentage of viability of primary macrophages pre-treated with vitamin D2 (B), or vitamin D3 (F), Colony forming unit (CFU) of A. salmonicida in Atlantic salmon primary macrophages pre-treated with vitamin D2 (C), or vitamin D3 (G); and percentage of attachment and invasion of A. salmonicida in Atlantic salmon primary macrophages pre-treated with vitamin D2 (D), or vitamin D3 (H), were measured 1, 2, 3, and 4 h post-infection. Initial A. salmonicida inoculum calculated in TSA Congo red plates are shown above the CFU figures. Each value represents the mean ± S.E.M (n = 6). Asterisks (*) represent significant differences between treatments on each time-point (**p < 0.01, ***p < 0.001). Lower case letters (a, b) show differences in the control at different time points post-infection. Upper case letters (A, B) show differences in vitamin D2 or D3 pre-treated cells in different time points post-infection.


The primary macrophages were infected with a total of 4.3 × 106 CFU per ml at a MOI of 1. The percentage of A. salmonicida attached was significantly higher in primary macrophages pre-treated with vitamin D2 (49.09 ± 2.76%) compared with the control group (34.39 ± 2.12%) (Figure 3D). At invasion time-points, after 2 h of infection no significant differences were observed in cells pre-treated with vitamin D2 compared with the control group at the same time point (Figure 3D). Moreover, no significant differences were observed in the control group and the vitamin D2 pre-treated primary macrophages after 3 h of infection with A. salmonicida (Figure 3D). No significant differences were also found between the control and the vitamin D2 treatment 4 h post-infection. However, a significant decrease in bacterial invasion was observed between 2 and 4 h in the primary macrophages pre-treated with vitamin D2 (Figure 3D).

A similar response was obtained in cells pre-treated for 24 h with vitamin D3 and then infected with A. salmonicida. For instance, no significant differences were found in the percentage of viability between the control group after 1, 2, 3, and 4 h of infection and the vitamin D3 pre-treated macrophages at 1, 2, 3, and 4 h (Figure 3F).

Atlantic salmon primary macrophages pre-treated with vitamin D3 were infected with a total of 2.56 × 106 bacterial cells per ml−1 (Figure 3G). The percentage of attachment (1 h post-infection) was significantly lower in the primary macrophages pre-treated for 24 h with vitamin D3 (10.61 ± 0.97%) compared with the control group (51.56 ± 17.12%) (Figure 3H). In contrast, even when a tendency of lower invasion is observed, no significant differences were observed between the control group after 2, 3, and 4 h of infection compared with the fish cells pre-treated with vitamin D3 (Figure 3H).



Atlantic Salmon Primary Macrophages Gene Expression

Transcript levels of innate immune response-related genes were evaluated by qPCR in Atlantic salmon primary macrophages after 3 h of the aforementioned treatments.

In the experiments conducted for both vitamin D2 and D3, a significant increase in the transcript expression of il-1b (Figures 4A,F), il-8 (Figures 4B,G), tnf-α (Figures 4C,H), and stlr5 (Figures 4E,J) was observed in cells inoculated with live A. salmonicida, formalin-killed A. salmonicida, and in cells pre-treated with either vitamin D2 or D3 and then infected, compared to the PBS inoculated primary macrophages. In contrast, no differences in the expression of il-1b, il-8, tnf-α, and stlr5 were observed in Atlantic salmon cells inoculated only with 100 ng ml−1 or 1,000 ng ml−1 of each vitamin D form compared with the control (Figures 4A–C,E–H,J).


[image: Figure 4]
FIGURE 4. Gene expression of (A,F) Interleukin 1b (il-1b), (B,G) Interleukin 8 (il-8), (C,H) Tumor necrosis factor alpha (tnf-α), (D,I) Leukocyte-derived chemotaxin 2 (lect-2), and (E,J) soluble toll-like receptor 5 (stlr5) in Atlantic salmon primary macrophages isolated from head kidney pre-treated 24 h with either the control, vitamin D2 (100 and 1,000 ng ml−1) or vitamin D3 (100 and 1,000 ng ml−1), and then inoculated with PBS (control) or infected with live (J223) or exposed to formalin-killed A. salmonicida for 3 h. Relative expression was calculated using the 2(−ΔΔCt) method and Log2 converted using β-actin and 60S ribosomal protein L32 (rpl32) as internal reference genes. Each value is the mean ± S.E.M (n = 6). Different letters represent significant differences between treatments, p < 0.05.


A different pattern was observed in the expression of lect-2 transcript between both treatments. For instance, in cells pre-treated with vitamin D2, no significant differences were observed in the expression of lect-2 in any of the treatments compared with the PBS inoculated primary macrophages (Figure 4D). In contrast, lect-2 was significantly up-regulated compared with the control in primary macrophages pre-treated with vitamin D3 and then challenged with A. salmonicida (Figure 4I). The primary macrophages treated with live A. salmonicida, formalin-killed A. salmonicida, 100 ng ml−1 of vitamin D3, and 1,000 ng ml−1 of vitamin D3 did not show significant differences in the expression of lect-2 compared with the control (Figure 4I).



Phagocytosis Assay

Atlantic salmon primary macrophages did not show significant differences in phagocytosis after 24 h of treatment with 100 ng ml−1 of vitamin D2 (4.80 ± 1.62%) and vitamin D3 (4.93 ± 1.56%), 1,000 ng ml−1 of vitamin D2 (3.33 ± 0.67%) and vitamin D3 (2.67 ± 0.41%), and 10,000 ng ml−1 of vitamin D2 (0.97 ± 0.20%) and vitamin D3 (0.87 ± 0.09%) compared with the control cells (4.80 ± 1.08%) (Supplementary Figure 1).




DISCUSSION

Vitamin D is involved in important processes including mineral metabolism, cell growth, and cardiovascular physiology, among others (1–6). Moreover, it has been observed that vitamin D can stimulate the antibacterial immune response in mammals (7, 8). However, these effects and mechanisms have not been explored in fish cells. The two major sources of vitamin D in natural environments are vitamin D2 and D3, being obtained in fish after the ingestion of phytoplankton and zooplankton, respectively (9, 10). Different from terrestrial vertebrates that rely on the conversion of 7-dehydrocholesterol to vitamin D by using solar ultraviolet light (wavelength 380–500 nm) through the skin, fish seems to have alternative mechanims to obtaining vitamin D (4). For instance, it has been hypothesized that bony scales that are part of the fish skin are able to focus and convert the photons obtained from the blue light to breakdown the 7-dehydrocholesterol into vitamin D (53). This does not mean that fish lack of the mechanisms for photosynthesis of vitamin D through the skin. For instance, has been reported that rainbow trout (Oncorhynchus mykiss) and Mozambique tilapia (Tilapia mossambicus) have the mechanisms to convert 7-dehydrocholesterol into vitamin D, however, authors concluded that in natural environments photosynthesis of vitamin D does not play a significant role (4, 9, 54).

Initially it was thought that both vitamin D forms had the same impact on physiology (55), however, several studies have shown that vitamin D3 is much more potent compared with vitamin D2 (55, 56). This evidence suggests a differential modulation on the physiology of fish (i.e., innate immune system) in the presence of the specific vitamin D forms. Also, the effect that vitamin D forms can have on the growth of A. salmonicida has not yet been described.

To evaluate if A. salmonicida is able to grow in the presence of vitamin D2 and D3, a growth curve experiment was conducted in the presence of different concentrations of vitamin D2 and vitamin D3 for 48 h. Our results showed that only high concentrations of vitamin D2 and D3 reduced the growth of A. salmonicida after 48 h (Figures 1A,B). Normally, A. salmonicida is able to reach the stationary growth phase in ~36 h (24, 57, 58). We observed a similar pattern of growth previously observed in A. salmonicida J223 strain (24) in culture media containing low concentrations of vitamin D3 (100 and 1,000 ng ml−1). Nevertheless, A. salmonicida seemed to tolerate higher concentrations of vitamin D2 since only the highest concentration (100,000 ng ml−1) reduced its growth rate. A previous study showed that high doses of vitamin C (128, 512, and 2048 mg/ml) can inhibit the growth of Helicobacter pylori, a risk factor for gastric carcinoma in mammals, during in vitro and in vivo experiments (59). Additionally, it has been reported that high concentrations of vitamin C (90 μM) can also inhibit the growth of S. aureus in in vitro conditions (60). High concentrations of vitamin D2 and D3 decreased the growth rate of S. aureus strain A1 after 24 h (14, 61). However, no significant differences were observed in the growth rate of S. aureus subsp. aureus (ATCC 27543) in the presence of different concentrations of vitamin D3 after 48 h (8, 62). These results indicate that in the bacterial strains studied, vitamin D can inhibit growth when it is utilized in concentrations over 1,000 ng ml−1, affecting both Gram negative and Gram positive bacteria.

The primary Atlantic salmon macrophage viability decreased after 24 and 48 h of exposure to 100,000 ng ml−1 of vitamin D2, and a lower viability compared with the control was observed after 48 h with 10,000 ng ml−1 of vitamin D3 (Figure 2). Similar to our results, it has been observed that low concentrations of vitamin D3 (1, 10, and 50 nM) did not affect the viability of bovine mammary epithelial cells at 24 h (8). However, it has been reported that a decrease in the viability of bovine mammary epithelial cells in the presence of high concentrations of vitamin D2 (6,000, 8,000, 10,000, 12,000, and 14,000 ng ml−1) and D3 (8,000, 10,000, 12,000, and 14,000 ng ml−1) occurred after 24 h of exposure, suggesting that vitamin D can induce cell cycle arrest, apoptosis, or both (14, 63).

In Atlantic salmon, the estimated concentration of vitamin D in flesh varies between 2.9 μg to 18.5 μg per 100 g−1 (64). In our studies, the vitamin D concentrations utilized were similar to other studies conducted in mammalian cells used as a reference (8, 13, 14). The values obtained in the A. salmonicida growth curve and Atlantic salmon primary macrophages exposed to different concentrations of vitamin D2 and D3 (Figures 1, 2), were utilized to determine the final non-toxic vitamin concentration (100 ng ml−1) for further infection assays. The number of live cells and percentage of viability of Atlantic salmon primary macrophages after 1, 2, 3, and 4 h of infection did not show significant differences between the control and the vitamin D2 or D3 pre-treated cells (Figures 2A,B,E,F). Our findings agree with previous infection assays using A. salmonicida J223 in Atlantic cod primary macrophages, where no significant differences were observed in macrophage viability after 6 h of infection (42). This indicated that Atlantic salmon and Atlantic cod primary macrophages were not killed during this period by A. salmonicida J223. We previously suggested (42) that A. salmonicida controls the macrophages machinery to prevent cell apoptosis. As mentioned previously, vitamin D3 in high concentration (8,000, 10,000, 12,000, and 14,000 ng ml−1) could induce apoptosis (14, 63), perhaps in opposition to this suggested prevention of apoptosis produced by A. salmonicida (42). These results agree with the lower attachment and infection rates of A. salmonicida in cells pre-treated with D3, where vitamin D3 might interfere with the infection.

One of the most interesting findings of our results is related to the bacterial attachment and invasion. For instance, a significant increase in A. salmonicida infection was observed at 1 h post-infection in primary macrophages pre-treated with vitamin D2 compared with the control (Figures 3C,D). In contrast, a significant decrease in A. salmonicida attachment at 1 h was observed in cells pre-treated with vitamin D3 compared with the control (Figures 3G,H). Previous studies indicated that vitamin D3 has a stronger activity compared to vitamin D2 in terrestrial mammals (55, 56). This agrees with our results where pre-treatment of primary macrophages with vitamin D3 decreased A. salmonicida infection; while vitamin D2 in contrast, seems to increase it infection. Our findings agree with the beneficial utilization of vitamin D3 in aquafeeds (4, 65, 66) and with vitamin D3 potentially having a broad positive effect in all vertebrates, including fish.

To complement our results described above, we explored part of the immune mechanism behind the beneficial effects of vitamin D by profiling the expression of specific innate immune genes using qPCR. An up-regulation of il-1b, il-8, tnf-α, and stlr5 occurred in primary macrophages inoculated with either live or formalin-killed A. salmonicida (Figures 4A–C,E–H,J). These results were expected, since cytokines and chemokines, such as il-1b, il-8, tnf-α, and the pattern recognition receptor (PRR) stlr5, play essential roles controlling both acute and chronic inflammation in fish tissues mediated by macrophages (39). In Atlantic salmon, the evidence shows that this canonical macrophage innate immune response can be triggered rapidly by either a bacterial pathogen-associated molecular pattern (PAMP), such as lipopolysaccharide (LPS), or pathogens like Yersinia ruckeri, Aeromonas salmonicida, Pseudomonas aeruginosa, and Flavobacterium psychrophilum, among others (39, 67–70).

Some viruses, bacteria, and parasites can modify the expression of genes related with the host immune response as part of a mechanism of evading its defense mechanisms (71). In humans, three important infectious diseases (e.g., HIV, tuberculosis, and malaria) have developed highly effective mechanisms to subvert the immune response (71), making it difficult to control these diseases and develop effective vaccines. Further examples of this are Yersinia pseudotuberculosis and Y. enterocolitica which are able to control human macrophage immune response and induce apoptosis after the translocation of effector molecules through the type III secretion system (72–74).

In fish head kidney, a modulation of the expression of il-1b and the major histocompatibility complex class 1 (mhc-I) has been observed in Atlantic salmon after being infested by the sea louse Lepeophtheirus salmonis (75). Moreover, Lewis et al. (76) showed in an Atlantic salmon head kidney (SHK-1) cell line that L. salmonis produces substances that modify the expression of genes encoding inflammatory mediators. Here, our results obtained during the infection with live A. salmonicida in Atlantic salmon primary macrophages showed no significant differences in the expression of leukocyte-derived chemotaxin 2 (lect-2) compared with the control (Figures 4D,I). When the fish cells were pre-treated with vitamin D2 and then infected with live bacteria, the gene expression also did not increase, suggesting that lect-2 is not involved in the first line of defense against A. salmonicida in Atlantic salmon. However, the expression of lect-2 in Atlantic salmon macrophages pre-treated with vitamin D3 and challenged with live A. salmonicida was significantly up-regulated compared to the control (Figure 4I). lect-2 is a chemotactic factor involved in the recruitment of neutrophils to the site of infection (39, 77). In the study conducted by Smith et al. (39), an up-regulation of lect-2 was observed only in treatments with LPS, confirming that its role in the presence of external pathogenic agents is active in Atlantic salmon. Comparing the expression of lect-2 in primary macrophages treated with live A. salmonicida and the samples pre-treated with vitamin D3 and then inoculated with A. salmonicida, our results suggest that A. salmonicida prevent the transcriptional response of lect-2, perhaps to prevent neutrophil recruitment during infection. Our results suggest that pre-treatments with vitamin D3 can counteract the effect of A. salmonicida on this particular gene, and up-regulate the expression of lect-2 during A. salmonicida infection (Figure 4I).

To determine if vitamin D2 and D3 can also cause an effect on the phagocytosis of Atlantic salmon primary macrophages, the phagocytic activity was tested using fluorescent latex beads (Supplementary Figure 1). Phagocytosis is used by organisms to eliminate external agents such as bacteria in a highly efficient way (42, 52, 78, 79). The effect of vitamins on macrophages' phagocytic activity has been previously tested in Atlantic salmon, however, no significant variations were observed after treatments with vitamin C or vitamin E (80, 81). We found similar results in Atlantic salmon primary macrophages after 24 h pre-treatments with either vitamin D2 or D3, suggesting that, independent of the vitamin D used, the phagocytic activity of Atlantic salmon macrophages is not modulated by its action.



CONCLUSION

In this study we evaluated the effects of vitamin D2 and D3 on A. salmonicida growth, Atlantic salmon primary macrophage viability, and the fish cells' immune response. We determined that only high concentrations of vitamin D2 (100,000 ng ml−1) and vitamin D3 (1,000 and 10,000 ng ml−1) decreased the growth rate of A. salmonicida. Moreover, we determined that 100,000 ng ml−1of vitamin D2 and 10,000 ng ml−1 of vitamin D3 decreased the viability of Atlantic salmon primary macrophages after 24 and 48 h. These results suggest that high doses of D2 and D3 are toxic for the bacterial and the eukaryotic cells.

Pre-treatment of primary macrophages with 100 ng ml−1of either vitamin D2 or D3 did not have effects on cell viability. Nevertheless, one of the remarkable findings of our study was that pre-treatment with vitamin D3 reduced A. salmonicida attachment, meanwhile, pre-treatment with vitamin D2 increased attachment, and as a consequence also increased bacterial invasion.

Gene expression of il-1b, il-8, tnf-α, and stlr5 was up-regulated during A. salmonicida infection, agreeing with a canonical innate immune response. However, our results suggested that A. salmonicida was able to suppress the expression of lect-2, a gene involved in neutrophil recruitment, key in the fight against pathogen clearance. After the addition of vitamin D2, no variation in the transcriptional expression of this gene was observed. However, cells pre-treated with vitamin D3 and then inoculated with live A. salmonicida, showed an up-regulation of lect-2, suggesting that vitamin D3 can be useful to counteract the suppression triggered by the pathogen.

Altogether, our results show that vitamin D3 seems to be a good candidate to be used as an immunostimulant in Atlantic salmon against A. salmonicida infection. The mechanisms on how vitamin D3 modulates the S. salar macrophage immunity and its relation to specific receptors, like the vitamin D receptor, deserve future attention. In contrast, vitamin D2 did not appear to have an effect on the modulation of the immune system of Atlantic salmon, suggesting that vitamin D2 may not play an important role in the fish innate antibacterial immune response.
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Across vertebrates, hematopoiesis takes place within designated tissues, wherein committed myeloid progenitors further differentiate toward cells with megakaryocyte/erythroid potential (MEP) or those with granulocyte/macrophage potential (GMP). While the liver periphery (LP) of the Xenopus laevis amphibian functions as a principal site of hematopoiesis and contains MEPs, cells with GMP potential are instead segregated to the bone marrow (BM) of this animal. Presently, using gene expression and western blot analyses of blood cell lineage-specific transcription factors, we confirmed that while the X. laevis LP hosts hematopoietic stem cells and MEPs, their BM contains GMPs. In support of our hypothesis that cells bearing GMP potential originate from the frog LP and migrate through blood circulation to the BM in response to chemical cues; we demonstrated that medium conditioned by the X. laevis BM chemoattracts LP and peripheral blood cells. Compared to LP and by examining a comprehensive panel of chemokine genes, we showed that the X. laevis BM possessed greater expression of a single chemokine, CXCL12, the recombinant form of which was chemotactic to LP and peripheral blood cells and appeared to be a major chemotactic component within BM-conditioned medium. In confirmation of the hepatic origin of the cells that give rise to these frogs' GMPs, we also demonstrated that the X. laevis BM supported the growth of their LP-derived cells.
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INTRODUCTION

Across all vertebrates, pluripotent pre-committed and lineage-committed blood cell precursors reside within designated hematopoietic sites (1). During blood cell lineage commitment, the pluripotent stem cells give rise to common lymphoid (2) and common myeloid (3) progenitors (CLPs and CMPs, respectively). The CLPs further differentiate into B and T cell precursors, while the CMPs give rise to precursors of the megakaryocyte/erythroid (MEPs) or granulocyte/macrophage potential (GMPs) (3). Site(s) of adult animal hematopoiesis vary across vertebrata, from bone marrow in reptiles (4), birds (5, 6), and most mammalian species (7) to the head kidney in teleost fish (8, 9). In turn, the differentiation of GMPs toward the macrophage lineage depends on the activation of the colony stimulating factor-1 receptor (CSF-1R) (10) by its cognate ligand, colony stimulating factor-1 (CSF-1), which acts as a monopoietic growth factor (11, 12). Similarly, the differentiation of MEPs toward the erythroid lineage depends on erythropoietin (EPO) (13, 14). Notably, while the peripheral (subcapsular) liver of the anuran amphibian Xenopus laevis is considered to be the principal site of hematopoiesis (14–16), we demonstrated that the cells responsive to CSF-1 reside in the X. laevis bone marrow and are absent from their peripheral liver (17, 18). Conversely, we (17) and others (14) showed that the X. laevis peripheral liver, but not their bone marrow, contains cells that respond to EPO to form erythroid-lineage cells. To date, the ontogeny of X. laevis bone marrow GMPs remains poorly understood.

The step-wise lineage commitment of pluripotent cells depends on external stimuli, including specific growth factors akin to CSF-1 and EPO, and progenitor cell-stromal cell interactions (19, 20). Concurrently, these commitment steps are marked by changes in gene expression of cell lineage-specific transcription factors, which are thus often used as markers to identifying the respective, lineage-committed cell populations (19–21). For example and pertinently to this work, as CMPs commit to MEPs or GMPs, they exhibit increased expression of fli1, gata1, and nfe2 or pu1, egr1, egr2, and gfi1, respectively (19–21).

The retention of progenitors and certain committed blood cells within hematopoietic tissues, as well as the mobilization and homing of specific cell populations to disparate tissues within organisms, is mediated by designated chemokines (22). In general, chemokines are classified into four families based on the presence and positioning of conserved cysteine residues: C, CC, CXC, and CX3C (23). Chemokines typically act through cell-surface G-protein-coupled seven-transmembrane receptors and have been most thoroughly described in the context of leukocyte recruitment during immune responses (23). Conversely, the roles of chemokines in hematopoiesis first became evident from the analyses of the interaction between CXCL12 (also known as stem cell derived factor-1) and its receptor CXCR4 in mice, wherein the inactivation of the cxcl12 and cxcr4 genes resulted in defective hematopoiesis, cardiogenesis, and vascular development (24–26). The biological roles of CXCL12 have also been examined in other vertebrates such as fish and avian species, wherein studies have demonstrated the roles of CXCL12 in muscle formation, vascular development, and homing of hematopoietic stem cells (26–28). While the roles of the amphibian CXCL12 have not been extensively studied, the X. laevis CXCL12 has been shown to activate the frog CXCR4 (29).

Here we examine the X. laevis peripheral liver as a potential source of precursor cells to GMPs and assess the putative role of CXCL12 in homing of these cells to the myelopoietic bone marrow of this animal.



MATERIALS AND METHODS


Animals, Culture Media and Conditions

Outbred, ~1- to 2-year-old adult X. laevis were purchased from Xenopus1 (Dexter, MI), housed, and handled under strict laboratory regulations of Animal Research Facility at the George Washington University (GWU) and as per the GWU Institutional Animal Care and Use Committee regulations (approval number 15-024).

All cell cultures were established in amphibian serum-free medium supplemented with 10% fetal bovine serum, 0.25% X. laevis serum, 10 μg/ml gentamycin (Thermo Fisher Scientific), 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco). Amphibian phosphate-buffered saline (APBS) that was used while isolating the cells has been previously described (18).



Production of Frog Recombinant Cytokines and Chemokines

X. laevis recombinant (r)CSF-1, rEPO, and rCXCL12 were produced using an Sf9 insect cell expression system by a previously described method (18). Briefly, PCR amplicons corresponding to the open reading frames of the respective signal peptide-cleaved proteins were ligated into the pMIB/V5 His A vector. Sf9 insect cells were transfected with the expression constructs (Cellfectin II, Invitrogen), and positive transfectants were selected using 10 μg/ml of blasticidin, their supernatants were screened for recombinant production by western blot against the V5 epitope on the proteins. The cultures expressing rCSF-1, rEPO, or rCXCL12 were scaled up and grown as 500-ml cultures for 5 days, and their supernatants were collected by centrifugation, concentrated against polyethylene glycol flakes (8 kDa) at 4°C, and dialyzed for 2 days against 150 mM sodium phosphate at 4°C. The recombinant proteins were isolated from these concentrated supernatants via Ni-NTA agarose columns (Qiagen), washed with 2 × 10 volumes of high-stringency wash buffer (0.5% tween 20, 20 mM sodium phosphate, 500 mM sodium chloride, and 100 mM imidazole), and 5 × 10 volumes of low-stringency wash buffer (as above, but with 40 mM imidazole). The recombinants were then eluted in 1-ml fractions with 250 mM imidazole. Western blot analysis was performed against the V5 epitopes on rCSF-1, rEPO, and rCXCL12 to confirm the presence of the recombinants. For each protein, the fractions expressing the recombinant were combined and further concentrated against polyethylene glycol flakes (8 KDa) and dialyzed overnight against APBS at 4°C. The protein concentrations were determined by Bradford protein assays (BioRad), and a protease inhibitor cocktail (Halt protease inhibitor cocktail; Thermo Scientific) was added to the purified proteins, which were then aliquoted and stored at −20°C until use. The composition of the recombinant proteins was tested by western blot against the V5 epitope on the protein (Supplementary Figure 1).

The recombinant control (r-ctrl) was produced by transfecting Sf9 cells with an empty pMIB/V5 His A insect expression vector (Invitrogen), collecting the resulting supernatants and processing these using the same methodology as described for rCSF-1/rEPO/rCXCL12.



Bone Marrow, Peripheral Liver, and Peripheral Blood Leukocyte Isolation and Culture

The liver periphery (LP) cells and bone marrow (BM) cells were isolated by a previously described method (30). Briefly, X. laevis femurs and liver tissues were aseptically excised from five individual frogs (N = 5) that had been euthanized by tricaine mesylate overdose and cervical dislocation. Femurs were flushed with 10 ml of ice-cold APBS each, and the flushed cells were washed and re-suspended in culture medium.

The peripheral regions of the frog livers were aseptically peeled off using sterile tweezers and passed through 70-μm nylon mesh cell strainers (Fisher). The isolated cells were layered over 51% percoll (Sigma) (49% APBS) and centrifuged at 600 × g at 4°C for 20 min to separate out leukocytes from the red blood cells. The leukocytes containing interfaces were collected and washed with ice-cold APBS prior to culture.

Peripheral blood leukocyte (PBL) isolation was performed as follows. Blood was collected from euthanized animals (N = 5) by cardiac puncture into medium (containing 1 mg/ml heparin) and processed over 51% percoll, as described above for LP cells, to isolate PBLs.

All cells were enumerated using trypan blue (Invitrogen) live/dead exclusion method.

Toward the analyses of bone marrow chemokine gene expression, the frog femurs were flushed with APBS to remove non-stromal cells and were then repeatedly flushed with Trizol reagent (Invitrogen) to remove stromal/supporting cells. The RNA isolation and cDNA synthesis were carried out as described below.

To assess the effects of monopoietic and erythropoietic stimuli on LP and BM cells, five adult X. laevis (N = 5) were injected intraperitoneally (ip) with 5 μg of rCSF-1 or rEPO and euthanized 3 days later, and their LP and BM cells were isolated as described above.



Isolation of RNA and Quantitative Gene Expression Analyses

For all experiments, total RNA from X. laevis cells or tissues was isolated using Trizol reagent (Invitrogen) in accordance to the manufacturer's directions. The isolated RNAs (500 ng total) were reverse-transcribed into cDNAs using cDNA qscript supermix (Quanta), according to the manufacturer's instructions.

All quantitative gene expression analyses were performed using the CFX96 Real-Time System and iTaq Universal SYBR Green Supermix (Quanta). The BioRad CFX Manager software was employed for all expression analysis. All gene expression analyses were performed using the delta∧delta CT method, with expression examined relative to the gapdh endogenous control. For all experiments, the relative expression was normalized against the lowest observed expression within respective data set. All primers were validated prior to use, and the sequences of all employed primers are listed in Supplementary Table 1.



Western Blot Analyses of Cellular Transcription Factor Protein Levels

To examine transcription factor expression at the protein level, X. laevis LP and BM cells were isolated from three individual frogs (N = 3) and lysed in ice-cold radio-immunoprecipitation assay buffer (Thermo Fisher Scientific) in the presence of halt protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). Protein concentrations of the cell lysates were determined using Bradford protein assays (BioRad), and 30 μg of total protein per sample was resolved by SDS-PAGE and examined by western blot using mouse monoclonal antibodies against Tal1, Egr1, Gfi1, and actin (Santa Cruz) and a secondary goat anti-mouse HRP-conjugated antibody (Thermo Fisher Scientific). Densitometry was performed using ImageJ software. Prior to western blot analyses, protein sequence alignments of mammalian and X. laevis Tal1, Egr1, Gfi1, and actin proteins were performed to ensure that the respective epitopes targeted by each of the above antibodies were conserved in the respective X. laevis proteins.



Chemotaxis Assays

Chemotaxis assays were performed using blind well chemotaxis (Boyden) chambers (Neuro Probe), with 100-fold serial dilutions of rCXCL12, concentrations at 10–10−7 ng/ml (in culture medium), loaded into the bottom well of these chambers. The wells were overlaid with 13-mm chemotaxis filters (5 μm pore size; Neuro Probe), with addition of 104 LP cells or PBLs in 200-μl volumes of culture medium to the upper chambers. Chemotaxis assays were incubated at 27°C with 5% CO2 for 3 h. Subsequently, the cells/medium was removed from the top chambers, and the upper sides of the filters were wiped with cotton swabs. The filters were then stained with Giemsa stain, and the numbers of migrating cells were determined by counting 10 random fields of view per lower side of each filter (×40 objective). For the chemokinesis experiments, both the lower and the upper wells of the chemotaxis chambers were loaded with the most potent chemoattractive concentrations of rCXCL12 (10−3 ng/ml), and the assays were performed as above.

For chemotaxis assays using supernatants derived from BM stroma, X. laevis femurs were isolated and gently flushed with 10 ml of APBS to remove any non-stromal cells, thus leaving the stroma intact. The femurs were then incubated overnight (16 h) in 1 ml of culture medium each, and the following day the femur-conditioned medium were centrifuged to remove any cells and debris and concentrated tenfold against polyethylene glycol flakes (8 KDa) at 4°C. These BM-conditioned media (BM-med) were serially diluted to 10−1 and 10−2 and used for chemotaxis assays as described above. Chemokinesis experiments were performed by adding tenfold concentrated BM-med to both upper and lower chemotaxis chambers.

Combined chemotaxis assays of rCXCL12 and BM-conditioned medium were performed by either loading rCXCL12 (10−3 ng/ml) into lower chemotaxis chambers and BM-med (tenfold concentrated) into upper chambers or vice-versa, with the target PBLs or LP cells (104) added to upper chambers. The enumerated chemotaxis was compared to cell migration toward the rCXCL12 (10−3 ng/ml) or BM-med alone (in lower chambers).

Cells derived from five individual animals (N = 5) were used for each and all chemotaxis assays and all assays performed as described above.



In vitro Culture of Peripheral Liver Cells Within Frog Bone Marrow

Frog femurs and LP cells were isolated as described above. The femurs were cut at the condyles on one side of each bone, thereby creating openings into individual femurs. For each animal, one femur bone was then gently flushed with APBS, while the other was flushed with 10 ml of methanol to fix the BM stromal/supporting cells. The isolated LP cells (105) from respective animals were introduced into each of the two femurs from the corresponding animal by gently placing the opening side up into 10 ml of semi-solid culture medium (10% methyl cellulose) and incubating for 3 days at 27°C and 5% CO2. Subsequent to this incubation, femurs were cut at the opposite condyles, and the cells were collected by flushing each bone with APBS and enumerated using trypan blue live/dead exclusion method. This experiment was repeated three times, each time using cells from six individual animals (N = 6) per experiment.



Statistical Analysis

For all gene expression and densitometry data, statistical analysis was conducted using paired Student's T-test. Chemotaxes data were examined using ANOVA and post-hoc Tukey tests via Graphpad Prism 7.0 software. Probability level of P < 0.05 was considered significant.




RESULTS


X. laevis Peripheral Liver and Bone Marrow Cells Possess Distinct Expression Profiles of Lineage-Specific Transcription Factors

Since the X. laevis peripheral liver is host to most hematopoiesis in this animal (14–16), we examined whether this tissue is the source of cells that commit toward the bone marrow resident granulocyte macrophage precursors (GMPs). To this end, we compared cells from the X. laevis LP and BM for their respective gene expression of key transcription factors (TFs) associated with distinct blood cell lineage commitment. In comparison to BM cells, the LP-derived cells exhibited greater mRNA levels for TFs associated with hematopoietic stem cells (HSCs), including tal1 (31), klf4 (32), and gata2 (33), thus corroborating that the peripheral liver is the principal hematopoietic site in X. laevis (Figure 1A). Interestingly, myeloid lineage-specific TFs, including pu1 (34), egr1 (35), egr2 (36), and gfi1 (37), were expressed at significantly greater levels by the BM cells compared to the LP cells (Figure 1B), supporting our previous finding that GMPs reside in the X. laevis bone marrow and are absent from their peripheral liver (17, 18). Furthermore, in comparison to BM cells, the LP cells displayed significantly greater gene expression for erythroid lineage TFs, including fli1(38) and nfe2 (39), while gata1 (40) was expressed at comparable levels in the both cell types (Figure 1C). The lymphoid lineage TFs gata3 (41) and pax5 (42) also displayed significantly greater mRNA levels in the LP cells compared to BM cells (Figure 1D). These findings supported our previous observations that the X. laevis peripheral liver hosts most blood cell development, excluding the bone marrow-mediated myelopoiesis (17).
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FIGURE 1. Analysis of lineage-specific transcription factor gene expression in X. laevis liver periphery and bone marrow cells. X. laevis liver periphery and bone marrow cells were isolated and examined by qPCR for their expression of (A) HSC-associated, (B) myeloid lineage, (C) erythroid-lineage, and (D) lymphoid-lineage transcription factor genes. All gene expressions were quantified relative to the gapdh endogenous control and normalized against the lowest observed expression. 30 μg of total cell lysate proteins from LP and BM cells was used for western blot analysis to determine the protein levels of (E) Tal1, Egr1, and Gfi1 with beta actin as a loading control. The protein levels were quantified by (F) densitometry analyses using ImageJ software. Results are means ± SEM (A–D: N = 5; E,F: N = 3) and asterisk overhead of horizontal lines denotes statistical significance, P < 0.05.


To confirm the respective hematopoietic and myelopoietic nature of the X. laevis LP and BM cells, we assessed the two cell types for their relative protein levels of myeloid (Gfi1, Egr1) and HSC-associated (Tal1) transcription factors by western blot (Figures 1E,F). As expected, while LP cells possessed significantly greater protein levels of Tal1 (non-phosphorylated, lower bands; phosphorylated, upper bands), the X. laevis BM cells exhibited relatively more robust Gfi1 and Egr1 (non-phosphorylated, lower bands; phosphorylated, upper bands) protein levels (significantly so for Erg1) (Figures 1E,F).



X. laevis Bone Marrow and Liver Periphery Cells Respond to Monopoietic and Erythropoietic Stimuli, Respectively

Because we observed significantly greater myeloid TF expression by the BM cells, while the erythroid lineage TFs were more robustly expressed by the LP cells (Figures 1B,C, respectively), we next analyzed the expression of these respective lineage-specific markers in LP and BM cells isolated from animals that had been stimulated with recombinant forms of the principal mediators of monopoiesis and erythropoiesis, colony stimulating fator-1 (rCSF-1) or erythropoietin (rEPO), respectively. To this end, frogs were injected intraperitoneally (ip) with rCSF-1 or rEPO, and 3 days later, their LP and BM cells were examined for changes in TF gene expression. Neither LP cells nor BM cells from animals stimulated with either growth factor exhibited significant differences in their gene expression of the HSC-specific tal1 and klf4 TFs (Figures 2A,B). Interestingly, LP cells from rEPO-stimulated animals possessed significantly greater transcript levels for the erythroid TFs gata1 and nfe2 (Figure 2B). Conversely, BM cells, but not LP cells from rCSF-1-treated animals, exhibited a significantly elevated expression of the myeloid TFs pu1 and egr1 (Figure 2A). We did not observe changes in the expression of other examined myeloid lineage or HSC-specific TFs in the LP and BM cells from rCSF-1- and rEPO-stimulated frogs (Figures 2A,B).
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FIGURE 2. Analysis of lineage-specific transcription factor gene expression in liver periphery and bone marrow cells from rCSF-1- and rEPO-stimulated X. laevis. Adult X. laevis frogs were injected intraperitoneally with 5 μg of rCSF-1, rEPO, or equal volumes of r-ctrl, and 3 days later their liver periphery and bone marrow cells were assessed for lineage-specific transcription factor gene expression in (A) rCSF-1-stimulated and (B) rEPO-stimulated cells. The examined genes included hematopoietic-associated TFs: tal1, klf4, gata2, nfe2; myeloid-lineage TFs: pu1, egr1, egr2; and erythroid lineage TFs: gata1, nfe2. All gene expressions was quantified relative to the gapdh endogenous control and the gene expression is presented relative to the respective gene expression in r-ctrl-treated animals; denoted by dashed lines. Results are means ± SEM (N = 5) and asterisk overhead of horizontal lines denote statistical significance between the two cell types and (*) denotes statistical differences between the r-ctrl and respective r-growth factor stimulation, within respective cell types, P < 0.05.




X. laevis Bone Marrow Produces Factors That Are Chemoattractive to Peripheral Liver Cells and Blood Leukocytes

We hypothesized that the X. laevis myeloid precursors originate in the LP and are traffick through blood circulation to the BM in response to specific BM-produced chemoattractive factors. To test this notion, we opened X. laevis femurs, flushed them to remove resident leukocytes, and incubated the resulting femur bones in medium, thereby conditioning the medium with any factors that would be produced by the BM stroma/supportive tissue. We then concentrated the conditioned medium tenfold and assessed the capacity of this conditioned medium to chemoattract LP cells and PBLs. As anticipated, both the LP cells and PBL populations displayed dose-dependent migration toward the BM-conditioned medium (Figure 3). The LP and peripheral blood cells migrating toward the BM-conditioned medium possessed somewhat mixed cytology, reminiscent of immature myeloid-lineage cells (Supplementary Figure 2).
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FIGURE 3. X. laevis bone marrow-conditioned medium chemoattracts peripheral liver and blood leukocytes. Tenfold concentrated bone marrow-conditioned medium was serially diluted and examined for its ability to chemo-attract liver periphery (LP) cells and peripheral blood leukocytes (PBLs). Chemokinesis of LP cells and PBLs was measured by adding the tenfold concentrated BM-medium to both the upper and the lower chemotaxis chambers (denoted as 10/10). All chemotaxis/chemokinesis experiments were performed using cells from five individual animals (N = 5), enumerating 10 random fields of view per chemotaxis filter per animal. Results are means ± SEM. Above-head letters denote statistical designations: experimental groups described by distinct letters are statistically different (P < 0.05), while those marked by the same letters are not.


To delineate whether this migration was gradient dependent (chemotaxis) or gradient independent (chemokinesis), we repeated the migration studies, this time adding BM stroma-condition medium (tenfold concentrated) to both upper and lower chemotaxis chambers, thereby disrupting any chemoattractant gradient. This resulted in significantly diminished migration of both LP cells and PBLs (Figure 3), indicating that the factors present in the conditioned medium were eliciting chemotaxis rather than chemokinesis.



X. laevis Peripheral Liver and Bone Marrow Stroma Possess Unique Chemokine Gene Expression Profiles

To elucidate what chemokines might be produced by the X. laevis BM stroma, we compared the LP and BM stromal cells for their gene expression of a panel of chemokines, including ccl3, ccl4, ccl5, ccl19, ccl20, ccl21, ccl28, cxcl8a, cxcl8a, cxcl10, cxcl12, cxcl13, cxcl14, and cxcl16 (Figure 4). Most notably, the BM stromal cells possessed significantly greater transcript levels of a single chemokine, cxcl12, while the LP cells displayed greater mRNA levels of all other examined chemokines (Figure 4).


[image: Figure 4]
FIGURE 4. Analysis of chemokine gene expression in X. laevis liver periphery and bone marrow. Frog liver periphery (LP) and bone marrow (BM) from five individual animals (N = 5) were examined for their expression of a panel of chemokine genes by qPCR. All gene expressions were quantified relative to the gapdh endogenous control and normalized against the lowest observed expression. Results are means ± SEM and (*) overhead of horizontal lines denote statistical significance, P < 0.05.




CXCL12 Is Chemotactic to X. laevis LP Cells and PBLs

To confirm the roles of the CXCL12 in the X. laevis homing of myeloid cells, we generated a recombinant form of the X. laevis CXCL12 (rCXCL12) and performed chemotaxis assays with LP cells and PBLs. As hypothesized, the rCXCL12 elicited concentration-dependent migration of both LP cells and PBLs (Figure 5A). Notably, at the lowest examined dose of 10−7 ng/ml, rCXCL12 resulted in significantly greater migration of LP cells compared to PBLs, whereas significantly greater numbers of PBLs than LP cells were recruited at 10−1 ng/ml of the chemokine (Figure 5A). Moreover, our chemokinesis studies indicated that rCXCL12 was eliciting chemotaxis rather than chemokinesis of both LP cells and PBLs (Figure 5A).


[image: Figure 5]
FIGURE 5. X. laevis rCXCL12 is chemotactic to liver periphery and peripheral blood leucocytes. A recombinant X. laevis CXCL12 (rCXCL12, 10−7-101 ng/ml) was examined for its capacity to chemoattract (A) liver periphery (LP) cells or peripheral blood leucocytes (PBLs; 104 cells/well) with chemokinesis assessed by adding 10−3 ng/ml of rCXCL12 (optimal dose) to both the upper and the lower chemotaxis chambers. (B) The relative capacities of tenfold concentrated bone marrow conditioned medium (BM-med) and rCXCL12 (10−3 ng/ml) to chemoattract LP cells and PBLs (104 cells/well) were compared through chemokinesis experiments by adding either BM-med or rCXCL12 and rCXCL12 or BM-med to the upper and lower chemotaxis chambers, respectively (denoted as BM-med/rCXCL12; rCXCL12/BM-med) and compared to BM-med or rCXCL12 in only bottom wells. All chemotaxis/chemokinesis experiments were performed using cells from 5 individual animals (N = 5), enumerating 10 random fields of view per chemotaxis filter per animal. Results are means ± SEM. Above-head letters denote statistical designations: experimental groups described by distinct letters are statistically different (P < 0.05), while those marked by the same letters are not.


Because the X. laevis BM harbor GMPs and displayed robust cxcl12 gene expression (Figure 4), while rCXCL12 was chemotactic to LP cells and PBLs (Figure 5A), we hypothesized that CXCL12 may be a major component of BM-conditioned medium. To address this notion, chemokinesis experiments were carried out using BM-conditioned medium (BM-med, obtained as described above and concentrated tenfold) and rCXCL12, with either rCXCL12 in the bottom chemotaxis chambers and with BM-med loaded into the upper wells, or vice-versa. LP cell and PBL chemotaxis was substantially reduced in either condition (Figure 5B) (significantly so when rCXCL12 was added to top wells), suggesting that indeed CXCL12 may be a major chemotactic component of BM-conditioned medium as it ablates the gradient-dependent chemotaxis elicited by BM-conditioned medium. Both LP cells and PBLs displayed a significantly greater migration toward rCXCL12 than toward the BM-med (Figure 5B), presumably owing to the greater concentration gradient established by the rCXCL12 than present in the BM-med.



The rCXCL12 Chemoattracts Myeloid-Lineage Cells

To define the lineage commitment of the rCXCL12-responsive LP cells and PBLs, we repeated the rCXCL12 chemotaxis experiment and isolated from the bottom chemotaxis chambers the LP cells and PBLs that migrated toward this chemokine. We then examined these cells for their gene expression of cxcr4, the cognate receptor for CXCL12 (43) as well as a panel of myeloid, hematopoietic, erythroid, and lymphoid cell lineage markers (Figure 6). Notably, both the LP cells and PBLs that chemotaxed toward rCXCL12 exhibited robust (compared to total input LP cells and PBLs, respectively) gene expression of CXCR4. While the LP cells chemotaxed toward rCXL12 possessed significantly lower gene expression of the macrophage csf1r (c-fms) compared to total LP cells; rCXCL12-recruited PBLs possessed significantly greater csf1r mRNA levels than total PBLs, and both rCXCL12-recuited LP cells and PBLs possessed significantly greater transcript levels for the granulocyte csf3r marker than total LP and PBL cells, respectively (Figure 6). Moreover, the PBLs but not LP cells recruited toward the rCXCL12 exhibited greater expression of myeloid lineage TFs, pu1, and gfi1 than seen in total respective PBL and LP cells (Figure 6).


[image: Figure 6]
FIGURE 6. X. laevis rCXCL12 chemoattracts myeloid-lineage cells. Chemotaxis assay using the optimal concentration of rCXCL12 (10−3 ng/ml) was performed on liver periphery (LP) cells and peripheral blood leucocytes (PBLs; 104 LP cells or PBLs/well, cell from five individual frogs, N = 5), and the chemoattracted cells were examined for their gene expression of crcr4 (receptor for CXCL12); lineage specific markers for myeloid: csf1r (macrophage), csf3r (granulocyte), pu1, gfi1; HSC-associated: tal1, klf4, gata2; erythroid: fli1, gata1, nfe2, and lymphoid cell populations: igm (B cell); cd4 (T helper cell); and cd8 (cytotoxic T cell) by qPCR. All gene expressions was quantified relative to the gapdh endogenous control and normalized against the corresponding gene expression observed in the LP cells or PBLs (input, indicated by the dashed line) used in these chemotaxis experiments. Results are means ± SEM, (*) denotes statistical differences from the gene expression in total input LP or PBL population (indicated by the dashed line) and (*) above horizontal bars denote statistical differences between LP cells and PBLs, P < 0.05.


The rCXCL12-recruited LP cells and PBLs did not exhibit significantly greater levels of any of the examined HSC (tal1, klf4, gata2) or erythroid (fli1, gata1, nfe2)-lineage TF genes, compared to total respective cell subsets, while the rCXCL12-recruited LP cells possessed significantly lower expression of klf4 (Figure 6). Compared to total LP cells and PBLs, the rCXCL12-recruited LP cells and PBLs exhibited significantly lower gene expression of igm [expressed by B cells; (44)], and while the recruited PBLs possessed greater cd4 [expressed by T helper cells and some macrophages; (45, 46)] transcript levels, the chemotaxed LP cells exhibited greater mRNA levels of cd8a [expressed by cytotoxic T cells and some dendritic cells; (47, 48)] (Figure 6).



The X. laevis Bone Marrow Supports the Survival of Peripheral Liver-Derived Cells

In accordance to the above findings, we reasoned that if the LP is indeed the source of myeloid cell precursors that home to the BM, then the BM should be capable of supporting LP cell survival in vitro. To test this idea, we isolated LP cells and cultured them in vitro in semi-solid medium within flushed X. laevis femurs or femurs with methanol-fixed (and washed) stroma/supportive tissue. As expected, the LP cells displayed significantly greater survival when cultured within viable femur bones as compared to femurs that had been methanol-fixed, thus indicating that the BM is capable of supporting LP cells (Figure 7).


[image: Figure 7]
FIGURE 7. The X. laevis bone marrow supports the survival of liver periphery cells. The frog femurs were isolated and cut at the condyles on one side of each bone to create an opening. One femur from each animal was flushed with saline and the other with methanol to fix the stromal/supportive cells. Liver periphery (LP) cells (105 cells per femur from the same respective animals) were introduced into each of the femurs and placed in semi-solid medium with the open-end facing up. After 3 days of incubation, the viable cells in these femurs were enumerated. Results represent combined data derived from three independent such experiments, each experiment assessing tissues/cells from six individual frogs (N = 6 per experiment; N = 18). Results are means ± SEM and (*) overhead of horizontal lines denote statistical significance, P < 0.05.





DISCUSSION

Mammalian hematopoiesis begins in the yolk sac, shifts to the aorta-gonad-mesonephros region of the developing embryo, then to the fetal liver followed by fetal spleen, and ultimately to the bone marrow (49). Similarly, during the early life of avian species, the liver acts as a hematopoietic site, with hematopoiesis later shifting to the avian bone marrow (5, 6). Interestingly, our previous findings indicate that hematopoiesis is segregated between different tissues in the adult X. laevis, with myelopoiesis occurring in the bone marrow and to our knowledge, the remaining blood cell development being facilitated by the peripheral liver (14–18). Notably, while the importance of transcription factors to hematopoiesis and lineage commitment has been well-established across vertebrates (19–21), our present transcription factor gene and protein expression analyses of the X. laevis peripheral liver and bone marrow cells corroborate our previous findings (17, 18) that while the peripheral liver hosts most hematopoiesis of this animal, the myelopoiesis and GMPs are segregated to the X. laevis bone marrow.

Numerous factors contribute to the specialized niche microenvironments within hematopoietic sites to facilitate blood cell development. These include specific cell populations that assist in the interactions between HSCs and the supportive tissues through anchoring/mobilization and production of cytokines/growth factors and chemokines, in addition to other instructive stimuli that may facilitate hematopoietic cell maintenance and regulation (19, 50, 51). Consistent with this, it is possible that one or several of such factors that are crucial for GMP homing, maintenance, and/or differentiation are present in the bone marrow and are absent from the peripheral liver, thus necessitating the segregation of hematopoiesis across these two sites within X. laevis. Interestingly, while the blood cell development in adult aquatic anuran amphibian species occur in their peripheral liver tissues, as illustrated in Xenopodinae (14–16), this process occurs in the bone marrow of more terrestrial anuran species (52, 53), presumably exemplifying a step-wise evolutionary transition of hematopoiesis from hepatic tissues to bone marrow. Supporting this theory, more recently diverged terrestrial anuran amphibians, such as those of Rana genus, utilize their bone marrow as sites for erythropoiesis (54), while in the phylogenetically older aquatic anurans such as Xenopodinae, erythropoiesis occurs in the peripheral liver and is absent from their bone marrow (14, 17). Perhaps this suggests that from an evolutionary standpoint, the use of bone marrow as the principal hematopoietic site co-evolved with adaptation of vertebrate life from water to land. This notion is well-corroborated by the fact that most (relatively primordial) aquatic amphibians, such as those of Gymnophiona (legless caecilians and species more closely related to them) and Urodela (newts and salamanders) orders, are devoid of bone marrow hematopoiesis (52, 55), whereas terrestrial salamanders of the family Plethodontidae exclusively utilize their bone marrow toward granulopoiesis and lymphopoiesis (56).

The use of bone marrow as a site of hematopoiesis by amphibians appears to have co-evolved with progressively greater vascularization of this site and coincides with adaptation toward more terrestrial (rather than aquatic) life (57). For example, the bone marrow of the Triturus pyrrhogaster newt is composed predominantly of fat cells, with very poor vascular innervation and an apparent lack of any hematopoietic activity (57). Evolutionarily primordial aquatic anurans such as Bombina and Xenopus possess relatively rudimentary vascularization of their bone marrow compared to mammals and appear to host minimal bone marrow hematopoiesis, which appears to be limited to myelopoiesis in Xenopus (57). By contrast, more recently diverged terrestrial amphibians possess bone marrow with considerably more pronounced vascularization that is more akin to that seen within the mammalian bone marrow and coinciding with much greater hematopoiesis taking place within this site (57). As bone marrow-mediated hematopoiesis appears to have co-evolved with greater vascularization of this site, it is reasonable to speculate that this vascularization in turn would facilitate more efficient migration of HSCs to and from this site in response to chemotactic cues such as CXCL12.

Chemokines are not only critical to immune responses but also perform a plethora of functions such as mediating the migration, tissue homing, proliferation, mobilization, and survival of HSCs (22). In turn, during monopoiesis csf1r gene expression increases with myeloid lineage commitment (58, 59). Conversely, in addition to myeloid-lineage cells, csf3r (granulocyte colony-stimulating factor receptor, gcsf) is also expressed by mammalian HSCs, which facilitates CSF-3 (granulocyte colony stimulating factor, G-CSF)-mediated mobilization of HSCs out of the mammalian bone marrow into circulation (60, 61). Notably and compared to total LP cells, the rCXCL12-recruited LP cells possessed lower expression of csf1r but greater mRNA levels of csf3r. Conversely, the rCXCL12-recruited PBLs exhibited greater transcript levels for both myeloid receptor genes as compared to total PBLs. Concurrently, the CXCL12-recruited PBLs but not LP cells possessed significantly greater gene expression of transcription factors associated with myeloid-lineage commitment. Accordingly, we postulate that in X. laevis, CXCL12 (and very likely other factors) mobilizes cell population(s) with GMP potential out of the liver periphery into blood circulation, while the commitment to the GMP lineage occurs in circulation, presumably in response to myeloid growth factors. These GMP progenitor(s) is/are then recruited to the bone marrow by the bone marrow-produced CXCL12. The significantly lower transcript levels of cxcl12 in the peripheral liver compared to that of the bone marrow presumably facilitates the egress of HSCs with GMP potential, resulting in their migration toward the bone marrow through blood circulation in a CXCL12 concentration gradient-dependent manner. We anticipate that the initial GMP lineage commitment occurs en route to the bone marrow and that further lineage-specific differentiation then ensues in the BM in response to local cues and growth factors, giving rise to myeloid cells such as macrophages and granulocytes (17, 18). Indeed the mammalian CXCL12 is essential to the homing of adult HSCs to the bone marrow and is crucial to the migration of HSCs from fetal liver to the bone marrow during development (24, 25). It is thus intriguing that a similar phenomenon appears to facilitate the GMP population of the adult X. laevis bone marrow toward myelopoiesis.

HSCs of adult mammals are known to migrate predominantly toward a CXCL12 concentration gradient (62), while the activation of the HSC cell surface-expressed CXCR4 by CXCL12 is indispensable to the regulation of HSC migration during adult life (24). In fact, targeted deletion of CXCR4 results in decreased HSC pools in the mammalian bone marrow (24). Although the X. laevis CXCL12 has been shown to signal through CXCR4 (23), the precise role(s) of this chemokine in X. laevis hematopoiesis in general and myelopoiesis in particular remain to be fully defined. Notably, our present results indicate that the X. laevis CXCL12 is more prominently expressed by their bone marrow than their hematopoietic peripheral liver and appears to be important to the migration/homing of some sort of GMP population(s) from the liver periphery to the bone marrow. It is interesting to consider that in X. laevis, CXCL12 has evolved to mediate the migration/homing of one or few hematopoietic progenitor subsets to the bone marrow, rather than functioning (as in mammals) as a more global regulator of HSCs within their peripheral liver, which serves as their principal hematopoietic tissue (14–16). Further studies of the roles of CXCL12 across phylogenetically disparate vertebrates possessing distinct hematopoiesis strategies may elucidate what aspects of the X. laevis (and mammalian) bone marrow physiology dictate the use of CXCL12 toward homing of progenitor cells toward this site.

In addition to CXCL12-mediated chemotaxes, the migration of mammalian fetal hepatic HSCs to the bone marrow is influenced by a number of other factors. For example, the role of CXCL12-CXCR4 in the migration of HSCs is augmented by other soluble mediators including stem cell factor, whose chemotactic activity toward mouse fetal hepatic HSCs is synergistic with that of CXCL12 (63). Similarly, activation/signaling through the roundabout guidance receptor 4 (ROBO4) that is expressed by mammalian HSCs aids in the early migration of HSCs from fetal liver to fetal bone marrow and augments the CXCR4-mediated homing and population of HSCs into the adult bone marrow (64). Additionally, adhesion molecules such as cadherins, integrins, and selectins also play important roles in the movement of HSCs to distinct niches. For instance, N-cadherin and integrin β1 expressed on HSCs are involved in the homing and maintenance of these cells in the bone marrow (65, 66). Concurrently, P-selectins and E-selectins expressed by vascular endothelia in the bone marrow promote this HSC migration and homing (67). Furthermore, the migration of HSCs during development is also influenced by extracellular calcium concentration in the bone marrow, which are sensed by the HSC-expressed calcium-sensing receptors (CaRs) (68). Akin to mammals, the recruitment of X. laevis GMP into their bone marrow and retention therein undoubtedly depends on a plethora of other factors in addition to CXCL12. Our result showing that the X. laevis bone marrow promotes the survival of liver periphery-derived hematopoietic cells supports the notion that in addition to chemokine homing, other factors likely contribute to progenitor cell-bone marrow interactions.

Phylogenetically diverged vertebrate groups possess distinct hematopoiesis strategies, presumably reflecting the physiologies and habitats of those organisms. Despite these differences, vertebrates rely on many of the same soluble mediators, such as growth factors and chemokines, to facilitate their respective blood cell development. We believe that greater understanding of the biological roles of such evolutionarily conserved mediators in the contexts of disparate animal hematopoiesis strategies will grant much clearer understanding of the evolution of vertebrate hematopoiesis.
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Imaging flow cytometry (IFC) is a powerful tool which combines flow cytometry with digital microscopy to generate quantitative high-throughput imaging data. Despite various advantages of IFC over standard flow cytometry, widespread adoption of this technology for studies in aquatic sciences is limited, probably due to the relatively high equipment cost, complexity of image analysis-based data interpretation and lack of core facilities with trained personnel. Here, we describe the application of IFC to examine phagocytosis of particles including microplastics by cells from aquatic animals. For this purpose, we studied (1) live/dead cell assays and identification of cell types, (2) phagocytosis of degradable and non-degradable particles by Atlantic salmon head kidney cells and (3) the effect of incubation temperature on phagocytosis of degradable particles in three aquatic animals–Atlantic salmon, Nile tilapia, and blue mussel. The usefulness of the developed method was assessed by evaluating the effect of incubation temperature on phagocytosis. Our studies demonstrate that IFC provides significant benefits over standard flow cytometry in phagocytosis measurement by allowing integration of morphometric parameters, especially while identifying cell populations and distinguishing between different types of fluorescent particles and detecting their localization.
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INTRODUCTION

Flow cytometry (FC) is widely employed for studying mammalian cells in particular and detecting biomarkers in clinical studies. FC systems quantify cell data within seconds and can provide information on cell phenotypes and functions. However, conventional FC is not designed to measure morphological and spatial information of single cells, and the technology is not able to efficiently detect dim and small particles (<300 nm) (1) as well as to distinguish aggregates of these small particles. Furthermore, although conventional FC can measure intra- and extra-cellular marker expressions, it does not provide information on marker localization. Another obstacle connected to conventional FC is auto-fluorescence. While the system cannot always precisely distinguish between false-positive and false-negative events (2), fine-tuning of instrument settings and protocol optimization can minimize the problem (3). Nevertheless, cell phenotype identification and functional analyses using conventional FC cannot be entirely objective as the equipment lacks image-capturing features. To overcome inaccuracies in acquiring cell data, quantitative studies preferably rely on both conventional FC and fluorescent cell imaging.

Imaging flow cytometry (IFC), also called multispectral imaging flow cytometry, is a powerful tool that enables us to collect information from single cells, including those from fluorescent images. Major advantages of IFC are (1) high fluorescence sensitivity, (2) high image resolution capability, (3) high speed processing, (4) ability to analyse changes in cell or nuclear morphology, (5) rare cell detection ability, and (6) capacity to understand cell-cell interaction (2). Certain disciplines of biology, namely hematology (4), immunology (5), cell biology (6), and microbiology (7) have already benefited from IFC. However, application of IFC is still in its infancy when it comes to studies in aquatic sciences.

Researchers have reported IFC-based analyses of fish cells, using nucleus staining to understand cell morphology and employing fluorescent particles to determine phagocytic activity in goldfish (8, 9). Different particles such as fluorescent latex beads (10), zymosan-APC (8), and nanoparticles (11) have been used to analyse phagocytosis using IFC. These methods can be further optimized, depending on the characteristics of the particles, e.g., latex beads that are not degraded vis-à-vis pHrodo™ BioParticles® that emit fluorescent light upon acidification following ingestion by the target cells (10). Researchers have also improved the protocol for measuring particles' intensity in IFC (12). Overall, these studies provide the first information on the use of IFC to identify different cells and understand cell functions such as phagocytosis and the localization of markers of interest in cells from aquatic animals.

Though previous studies on aquatic animals have reported phagocytosis, here we present (1) basic, but optimized protocols for live/dead cell assay and identification of cell types (2), an improved protocol for examining phagocytosis of non-degradable (microplastic) and degradable (bioparticles) particles by immune cell types of fish, and (3) an optimized phagocytosis assay using cells harvested from three very different aquatic animals: cold water-adapted carnivorous marine fish (Atlantic salmon, Salmo salar), warm water-adapted omnivorous, freshwater fish (Nile tilapia, Oreochromis niloticus) and a cold water-adapted detritivorous/planktivorous marine mollusc (blue mussel, Mytilus edulis). Effect of incubation temperature was studied to verify the sensitivity and usefulness of the optimized phagocytosis assay.



METHODS


Ethics Statement

The studies were approved (Atlantic salmon: FOTS ID 10050, Nile tilapia: FOTS ID 1042) by the National Animal Research Authority in Norway (Mattilsynet). The fish rearing and handling procedures were according to the approved protocols of FDU.



Animals

Atlantic salmon (S. salar) in the weight range 700–900 g were used in this experiment. They were purchased from a commercial producer (Sundsfjord Smolt, Nygårdsjøen, Norway) and maintained at the Research Station of Nord University, Bodø, Norway. Fish were fed a commercial feed (Ewos AS, Bergen, Norway) and reared in a flow-through sea water system (temperature: 7–8°C, dissolved oxygen saturation: 87–92%, 24–h light cycle).

Nile tilapia (O. niloticus, 400–600 g) were bred and reared at the Research Station of Nord University in a freshwater recirculating aquaculture system (temperature: 28°C, pH: 7.6, dissolved oxygen saturation: 80% in outlet and 115% in inlet, 11 h dark/13 h light cycle). The fish were fed commercial feeds (Skretting, Stavanger, Norway) during the rearing period.

Adult blue mussels (M. edulis) were collected from a beach along the Saltenfjorden, Bodø, Norway (67°12′01″ N 14°37′56″ E) and transported to the Research Station, Nord University. Prior to isolation of hemocytes, they were kept for 2 days in running seawater at 7–8°C.



Cell Isolation

Cells from salmon and tilapia head kidney (HK) were grown in Leibovitz's L-15 Medium (L-15; Sigma-Aldrich, Oslo, Norway), supplemented with 100 μg/mL gentamicin sulfate (Sigma), 2 mM L-glutamine (Sigma) and 15 mM HEPES (Sigma). Osmolality of medium was adjusted by adding a solution consisting of 5% (v/v) 0.41 M NaCl, 0.33 M NaHCO3, and 0.66 (w/v) D-glucose. Cell culture media were adjusted to 380 mOsm for salmon and 320 mOsm for tilapia. To culture the mussel hemocytes, filtered (through a 0.2 μm mesh) sea water was used as the medium.

Head kidney from salmon (n = 6) were sampled after the fish were killed with an overdose of MS-222 (Tricaine methane sulphonate; Argent Chemical Laboratories, Redmond, USA; 80 mg/L). Thereafter, the HK cells were isolated as described previously (13) with minor modifications. Briefly, HK was dissected out, and the tissues were transferred to 15 mL centrifuge tubes to make a total volume of 4 mL in ice-cold L-15+ (L-15 medium with 50 U/mL penicillin, 50 μg/mL streptomycin, 2% fetal bovine serum (FBS) and 10 U/mL heparin). The tissue was placed on a sterile 100 μM cell strainer (Falcon) and the cells were disrupted with the help of a syringe plunger. The harvested cells were washed twice in ice-cold L-15+. The cell suspension from salmon HK was then layered on 40/60% Percoll (Sigma) to separate HK leukocytes for magnetic-activated cell sorting (MACS) or layered on 34/51% Percoll to separate monocytes/macrophages for subsequent phagocytosis assays. After centrifugation (500 × g, 30 min, 4°C), the cells at the interface between the two Percoll gradients were collected and washed twice with ice-cold L-15-FBS free (L-15 medium with 50 U/mL penicillin, 50 μg/mL streptomycin) by centrifugation (500 × g, 5 min, 4°C). Cells were then kept in L-15+. HK phagocytic cells that were separated based on 34/51% Percoll gradient, were allowed to adhere on a petri dish for 3 days at 12°C. After removing the supernatant containing non-adherent cells, the petri dish with the adherent cells was placed on ice for 10 min, and the cells were collected by washing three times with 1.5 mL ice-cold PBS supplemented with 5 mM EDTA. Next, these collected cells were centrifuged (500 × g, 5 min, 4°C) and used for further analyses.

Head kidney from tilapia (n = 6) were collected after killing the fish with an overdose of clove oil (Sigma Aldrich, St. Louis, MO, USA), and cells were harvested as described previously (14, 15), with minor modifications. Briefly, the HK tissues were transferred to 15 mL centrifuge tubes to make a total volume of 4 mL in ice-cold L-15+. The cells were harvested from the HK and washed twice as described for salmon. The cell suspension was layered on 34/51% Percoll to separate phagocytic cells, and then after centrifugation, cells at the interface were collected and washed twice in L-15-FBS free. The cells in the suspension were allowed to adhere on a petri dish containing L-15+ for 3 days at 25°C. After removing the supernatant containing non-adherent cells, the petri dish with the adherent cells was placed on ice for 10 min, and the cells were collected by washing three times with 1.5 mL ice-cold PBS supplemented with 5 mM EDTA. Next, the collected cells were centrifuged (500 × g, 5 min, 4°C) and used for further analyses.

In the fish experiments, the cells were counted using a portable cell counter (Scepter™ 2.0 cell counter, EMD Millipore, Darmstadt, Germany).

Hemocytes from adult mussels (n = 6) were isolated as described previously (16) with minor modifications. Briefly, hemolymph was drawn from the posterior adductor muscle using a 2 mL syringe equipped with a 23G-needle. The hemocytes from each mussel were counted using a Neubauer chamber, and 0.2 × 106 cells per sample were collected and re-suspended in 1 mL of filtered sea water to avoid formation of clumps.



Magnetic-Activated Cell Sorting (MACS) of Salmon IgM+ Cells

The isolated salmon HK leukocytes (2 × 106 cells) were incubated with mouse anti-trout/salmon IgM (6.06 μg/mL; Aquatic Diagnostics Ltd, Sterling, UK) for 60 min at 4°C. After two washes with L-15+, the cells were incubated for 15 min at 4°C in a cocktail with a total volume of 100 μL, which contained L-15+, 1 μL of goat anti-mouse IgG-FITC (0.75 mg/mL; Thermo Fisher Scientific, Oslo, Norway) and 40 μL of goat anti-mouse IgG microbeads as per the instructions of the manufacturer (Miltenyi Biotec, Bergisch Gladbach, Germany). First, MACS LD columns (Miltenyi Biotec) that were placed in a magnetic separator of the multistand were washed using L-15+. The cell suspension was then transferred into the LD column. Following cell sorting, the positive cells were harvested and re-suspended in L-15+.



Live/Dead Cell Assay

In the studies on cells from salmon and tilapia, aliquots containing 1 × 106 cells in 50 μL PBS were transferred to 1.5 mL microcentrifuge tubes. Then 1 μL of propidium iodide (PI; 1 mg/mL, Sigma) was added to each sample to detect the dead cells in the cell suspension. In the case of mussel, aliquots containing 0.2 × 106 cells in 50 μL filtered sea water were transferred to 1.5 mL microcentrifuge tubes, and then 1 μL of DRAQ5™ (25 mM, Thermo Fisher Scientific) was added to each sample to detect the dead cells in the cell suspension. The tubes were gently mixed before the samples were run through the ImageStream®X Mk II Imaging Flow Cytometer (Luminex Corporation, Austin, TX, USA). Cell analyses were performed on 10,000 cells acquired at a rate of 300 objects/second at low speed and a magnification of 40×. Dead cells were estimated as the percent of cells positive for either PI or DRAQ5™ (red fluorescent cells). After excluding the dead cells, viable cells were analyzed to generate brightfield (BF) area (size) vs. side scatter (SSC) intensity (complexity) dot plots. Instrument settings were kept identical throughout the study.



Phagocytosis Assay

In the first phagocytosis experiment, phagocytic cells from salmon HK were employed to study the uptake of two types of particles; non-degradable fluorescent polystyrene microplastic beads (2.1 μm; Magsphere Inc., California, USA) and degradable fluorescent bio-particles (>0.2 μm; pHrodo™ Red Escherichia coli Bioparticles, Thermo Fisher Scientific). In the second experiment, we used degradable fluorescent bio-particles only; to determine phagocytic ability and capacity of the cells from salmon, tilapia and mussel at two different incubation temperatures. Phagocytic ability was measured as the percent of phagocytic cells among the total macrophage-like cells or hemocytes. On the other hand, phagocytic capacity was measured as the mean number of particles per phagocytic cell. Phagocytic index (PI) or phagocytic activity was determined employing the equation (17, 18):

Phagocytic index (PI) = [% phagocytic cells containing at least one particle] × [mean particle count per phagocytic cell].

Briefly, fluorescent bio-particles were added at a cell:particle ratio of 1:5 per sample, both in the case of HK macrophages (0.5 × 106 cells) and hemocytes (0.2 × 106 cells). Cells suspensions and bio-particles were mixed and incubated for 2 h at different temperatures. Following incubation, cell suspensions were washed twice with 500 μL L-15+ by centrifugation (500 × g, 5 min, 4°C). The supernatant was discarded, and the resulting cell pellets were re-suspended in 50 μL PBS. The cell samples were run in an imaging flow cytometer (Luminex), equipped with a 10 mW 488 nm argon-ion laser, to detect the bio-particle fluorescence (577/35 nm bandpass; Channel 3). Thereafter, the images were analyzed using IDEAS 6.1.822.0 software (Luminex).



Data and Statistical Analyses

Statistical analysis was performed in RStudio version 1.1.463. Normality of the data was tested by Shapiro-Wilk Test, and the assumption of equal variance was checked by Bartlett's Test. Comparisons between the two groups were performed using unpaired Student's t-test. Statistically significant differences (p < 0.05) are reported for the phagocytosis data.




RESULTS


Live/Dead Cells and Leukocyte Populations From Salmon Head Kidney

To determine single cell area and to identify cell populations, we employed a basic gating strategy using the Brightfield Gradient Root Mean Square (RMS) feature of the imaging flow cytometer (see Figure 1). This strategy helped us to select the cells in best focus, i.e., this allowed us to obtain high quality images with RMS values >50 (Figure 1A). Next, we separated single cells from others (debris, doublets and aggregates; Figure 1B). Dead cells were excluded based on positivity for PI (Figure 1C). The percentage of live cells were 98.5%. The brightfield (BF) area and side scatter (SSC) intensity of the live, single cells were assessed. We prepared a BF area vs. SSC intensity dot plot to show the salmon HK leukocyte populations (Figure 1D). Cells with smaller size (low BF area) and low SSC intensity were possibly lymphocyte-like cells (19.2%; R1 in Figure 1D) while those with larger size (BF area) and higher SSC intensity compared to lymphocyte-like cells were considered as monocytes/macrophages (35.5%; R2 in Figure 1D). Figure 1E shows salmon HK adherent cell populations in a BF area vs. SSC intensity dot plot; here, R3 is probably HK macrophage-like cells (45.2%). We conclude that using IFC, dead cells can be excluded, and different single cell populations can be better detected than in conventional FC.


[image: Figure 1]
FIGURE 1. Schematic of the gating strategy to determine areas and populations of head kidney cells from Atlantic salmon. (A) Focused cells were gated using IDEAS® gradient RMS feature which helps to select high-quality images with RMS values above 50. (B) Representative image showing the gated cells; single cells, doublets and aggregates are shown in a dot plot. Aspect ratio is a feature that evaluates an elliptical shape fitted around the detected object. The ratio is calculated as the minor axis divided by the major axis; a value close to 1 indicates that the cell has a circular shape, while a value in the range 0.4–0.8 signals the presence of doublets or aggregates if the individual cells are of oval morphology. (C) Orange dots are the dead cells that were excluded using propidium iodide, to separate the live cells (yellow dots). (D) HK leukocyte population is shown in a brightfield (BF) area (cell size) vs. side scatter (SSC) intensity (cell internal complexity) plot. (E) HK adherent cell (macrophage-like cell) population is shown in a BF area vs. SSC intensity plot. All cell images were captured with 40 × objective. Scale bar = 10 μm. BF, brightfield; PI, propidium iodide; R, region; R1, lymphocyte-like cells; R2, monocytes/macrophages-like cells; R3, macrophage-like cells.




Salmon Head Kidney IgM+ Lymphocyte Identification

Salmon head kidney IgM+ lymphocytes separated using MACS were used to ascertain their localization in a BF area vs. SSC intensity dot plot (Figure 2). For this purpose, cells were extracellularly stained with IgM-FITC, which enabled us to identify areas of negatively- and positively-stained B lymphocyte populations. Before MACS (Figure 2A), all cells were located in the IgM− area (right panel Figure 2A). After staining with IgM-FITC and performing MACS (Figure 2B), most cells were located in the IgM+ area (89.8%; right panel Figure 2B). These data confirmed that the IgM+ cells matched the location of the lymphocyte-like cells (R1 population in Figure 1D). Thus, we confirmed the localization of salmon IgM+ cells using IFC.


[image: Figure 2]
FIGURE 2. Identification of salmon IgM+ lymphocyte after magnetic-activated cell sorting (MACS). Dot plots of (A) HK leukocytes before and (B) after MACS separation. The left and middle plots in (A,B) show brightfield (BF) area vs. SSC intensity and the right plot in (A,B) shows the density of the target cells. Cells without IgM-FITC are shown in the IgM− gate (A, right panel) while IgM+ cells after MACS are shown in the IgM+ gate (B, right panel). All cell images were captured with 40 × objective. Scale bar = 10 μm. BF, brightfield; IgM, immunoglobulin M; PI, propidium iodide.




Examining Phagocytosis Using Non-degradable Fluorescent Microplastic Beads

To determine the phagocytosis of microplastics by salmon HK cells, first, we plotted histograms of fluorescence intensity of non-degradable fluorescent polystyrene microplastic beads in live cells (Figure 3A). Because all the polystyrene beads were of similar size, we assumed that fluorescence intensity is proportional to the number of beads taken up by each phagocytic cell. Using IFC, we could exclude auto-fluorescence and could gate images with more pixels and higher intensity (phagocytic images with pixel value > 30 were considered to be of high quality) (Figure 3B). Caution was taken to exclude aggregates; addition of many microplastic beads can cause bead aggregation, leading to false identification of aggregates as phagocytic cells, especially in conventional FC. Next, we gated phagocytic cells that engulfed microplastic beads using an internalization score (Figure 3C). This score is the ratio of the particle intensity inside a cell to the intensity of the whole cell, and it is calculated after masking (which selects pixels within an image based on their intensity and localization) with the following mask function [Erode (M01, 4)_Ch03]. The ratio indicated the proximity of microplastic to the center of the cell; cells with a score of > 0.3 were considered to have internalized particles and those with a score of < 0.3 were considered to have surface-bound particles (11). Finally, only cells with internalized particles were presented in a histogram of spot count feature, which is an ideal approach to quantify the masked spots in the cell (Figure 3D). Overall, IFC can be applied for detecting non-degradable microplastic beads inside the phagocytic cells and quantifying the number of beads. In addition, salmon HK phagocytic cells could recognize microplastics as foreign bodies although we observed only few phagocytosed particles.


[image: Figure 3]
FIGURE 3. Measurement of phagocytosis using non-degradable fluorescent particles (microplastics). (A) A histogram of fluorescent microplastic intensity in live cells. (B) To exclude auto-fluorescence and find the best images, images with more pixels and high intensity were gated. Errors may occur in conventional FC due to aggregation of microplastics. (C) Internalized cells were gated using internalization score. (D) Cells with internalized particles were plotted in a histogram of spot count, which shows the number of particles. All cell images were captured with 40 × objective. Scale bar = 10 μm. BP, bio-particle.




Examining Phagocytosis Using Degradable Fluorescent Bio-particles

To determine phagocytosis of degradable bio-particles by salmon HK cells compared with non-degradable microplastics, first, we plotted histograms of fluorescence intensity of degradable bio-particles (Figure 4A). In comparison to the histogram of the non-degradable microplastic beads described above (Figure 3), it was more difficult to distinguish the number of bio-particles in this histogram. To exclude auto-fluorescence and obtain high-quality images, we adopted a gating strategy based on high pixel (pixel value > 30) and intensity of images (Figure 4B). We created two gates, one to include particles with high pixel and high intensity and the other one with negative or auto-fluorescence (histogram in Figure 4B). From the histogram, it is clear that overlapping particle intensity (orange) and auto-fluorescence (blue) curves can cause detection errors. Cells that had engulfed the bio-particles were gated using the internalization score as described in the previous section (Figure 4C). Finally, only cells with internalized particles are presented in a histogram of particle intensity to understand the number of particles in the phagocytic cells (Figure 4D). We found that to quantify the number of degradable particles, particle intensity-based protocol is a better strategy compared to the method employing spot count feature.


[image: Figure 4]
FIGURE 4. Measurement of phagocytosis using degradable fluorescent particles (pHrodo™). (A) Live cells are plotted in a histogram of fluorescent bio-particle intensity. (B) To exclude auto-fluorescence and find the best image, images with more pixels and high intensity were gated. The histogram (right panel) points to the detection error caused by overlapping curves of particle intensity (orange) and auto-fluorescence (blue) in conventional flow cytometry. (C) Internalized cells were gated using internalization score. (D) Cells with internalized particles were plotted in a histogram of bio-particle intensity, which shows the number of particles. All cell images were captured with 40 × objective. Scale bar = 10 μm. BF, brightfield; BP, bio-particle.




Optimizing IFC-Based Method for Phagocytosis Assay

To verify the validity of our IFC-based method, we used degradable fluorescent bio-particles from E. coli to assess the effect of incubation temperature on the phagocytic activity and capacity of phagocytic cells from three aquatic animals. The phagocytic ability of HK phagocytic cells from salmon (Figure 5A) and tilapia (Figure 6A) incubated at 12 and 25°C, respectively, was significantly higher compared to cells incubated at 4°C, but temperature did not significantly affect the phagocytic ability of hemocytes from blue mussel (Figure 7A). In contrast, the phagocytic capacity of none of the aquatic species tested was significantly affected by temperature (Figures 5B,D, 6B,D, 7B,D). The phagocytic index of only the salmon cells incubated at 12°C was significantly higher compared to cells incubated at 4°C (Figure 5C). This temperature effect could not be detected for the phagocytic index of tilapia HK cells (Figure 6C) and blue mussel hemocytes (Figure 7C) although the cells were incubated at higher values, i.e., 12 and 25°C, respectively. The optimized method for phagocytosis assay was well-applied to phagocytic cells from three aquatic animals. The results showed that unlike that of phagocytic cells from fishes, phagocytosis of the cells from mussel was not significantly affected by incubation temperature.


[image: Figure 5]
FIGURE 5. Phagocytosis of Atlantic salmon head kidney macrophages incubated at different temperatures. Percent of phagocytic cells (A), mean number of particles ingested per phagocytic cell (B) and phagocytic index, PI (C). Representative cell images that show cells with no BP, SB, and 1BP, 2BP, and > 3BP (D). Statistically significant differences (p < 0.05) are indicated using asterisks. Bar plots show the mean ± SD. Sample size = 6. All cell images were captured with 40 × objective. Scale bar = 10 μm. IN, internalization; SB, surface-binding particles; 1 BP, 2 BP, and > 3 BP, 1–3 internalized bio-particles; BF, brightfield.
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FIGURE 6. Phagocytosis of Nile tilapia head kidney macrophages incubated at different temperatures. Percent of phagocytic cells (A), mean number of particles ingested per phagocytic cell (B) and phagocytic index, PI (C). Representative cell images that show cells with no BP, SB, and 1BP, 2BP, and > 3BP (D). Statistically significant differences (p < 0.05) are indicated using asterisks. Bar plots show the mean ± SD. Sample size = 6. All cell images were captured with 40 × objective. Scale bar = 10 μm. IN, internalization; SB, surface-binding particles; 1 BP, 2 BP, and > 3 BP, 1–3 internalized bio-particles; BF, brightfield.
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FIGURE 7. Phagocytosis of blue mussel hemocytes incubated at different temperatures. Percent of phagocytic cells (A), mean of number of particles ingested per phagocytic cell (B), and phagocytic index, PI (C). Representative cell images that show cells with no BP, SB, and 1BP, 2BP, and > 3BP (D). Statistically significant differences (p < 0.05) are indicated using asterisks. Bar plots show the mean ± SD. Sample size = 6. All cell images were captured with 40 × objective. Scale bar = 10 μm. IN, internalization; SB, surface-binding particles; 1 BP, 2 BP, and > 3 BP, 1–3 internalized bio-particles; BF, brightfield.





DISCUSSION

The major advantage of imaging flow cytometry (IFC) over conventional flow cytometry (FC) is its ability to distinguish between false-positive and false-negative events by considering additional features of the captured cellular images (2). The two systems share the basic principle (19). Although IFC has been widely adopted to study mammalian cell types, it is not yet commonly employed to investigate other organisms, including aquatic animals. There is a paucity of appropriate tools such as cell-specific markers, which hampers the wider adoption of new technologies like IFC. Furthermore, the associated protocols require thorough refining before IFC can be used to study cell types from aquatic animals. For example, as the weak and small fluorescence cannot be detected by the system, we employ masking and features within IDEAS software to accurately select the area of interest during image analysis (20). Our study describes procedures to accurately identify cellular phenotypes and quantify phagocytosis by cells from three very different aquatic animals.

In the present IFC study, we could successfully exclude dead cells and cell aggregates and could identify single leukocytes from Atlantic salmon HK based on bright field (BF) area and SSC intensity. We observed two distinct populations: cells located in the low BF area and low SSC intensity, and cells located in the high BF area and high SSC intensity. Our IFC results are in agreement with conventional FC data on HK leukocytes from salmon (21). A study on goldfish primary kidney macrophages also compared IFC results with those from conventional FC data; both systems were used to identify cell sub-populations. Similar dot plots were generated for both flow cytometry systems, indicating that the replacement of forward scatter (FSC) which measures cell size in conventional FC by BF area in IFC (22) is a reliable approach, independent of fish species.

Interestingly, adherent cells from Atlantic salmon HK (R3, macrophage-like cells) were located in a higher BF area than R2 cells from the same organ (Figures 1D,E). The proportion of macrophage-like cells was approximately 45.2%. The macrophage-like cells in the R3 region displayed a similar morphology to that of the adherent TO cells, a cell line originating from salmon HK leukocytes (23). Furthermore, in another study that employed conventional FC, salmon macrophage-like cells were presented in an FSC vs. SSC plot (24). Similar to our gating, the author gated three regions in the plot and assumed that the two higher FSC regions contained macrophage-like cells which was ~56% out of the total number of cells.

After optimizing the method to distinguish between lymphocytes from monocytes/macrophages, magnetic cell sorting (MACS) was performed to sort target lymphocytes using an IgM-specific antibody. The purity of IgM+ cells after MACS was 89.8% which is similar to 92% in a salmon study (25). MACS enabled us to ascertain the area of lymphocyte-like cells as defined/interpreted from the BF area vs. SSC intensity plots. The sorted salmon IgM+ cells were located in the low BF area and low SSC intensity gate, confirming a close area match to that of the lymphocyte-like cells. Similarly, a previous study on trout HK confirmed lymphocyte localization (low FSC and low SSC) using conventional FC, based on CD4+T cell markers (26). In addition, employing conventional FC, percentage of IgM+ and IgT+ B cells in salmon HK cells were determined by gating the same area (25). The gate areas in Figures 1, 2 confirm the presence of lymphocytes.

After confirming the identity of the B lymphocytes in the low BF area vs. low SSC intensity gate, we explored the phagocytosis of the adherent monocytes/macrophages HK fraction. Phagocytosis is an important initial immune response with final entry of antigens into the phagosomes/lysosomes that stimulates the production of reactive oxygen species (27). Phagocytic activity is influenced by many factors such as cell maturity, cytokine response, antigen presenting cell activation status (28) and the characteristics of phagocytosed antigens or particles (29). We explored the phagocytic activity of salmon HK cells using IFC, which allowed for not only quantification of the number of cells with internalized particles but also the localization of particles inside the cells. The IFC methods for assessing phagocytosis are complex, and researchers are yet to standardize them for different particle types. In the present study, we tested two different types of particles, non-degradable and degradable particles. This is the first IFC study that reports the use of microplastic as non-degradable particles and bio-particles from E. coli as degradable particles. Considering the growing debate on microplastic pollution of the marine ecosystem, studying phagocytosis of microplastics by immune cells from aquatic animals can be of particular interest from an environmental perspective. In our studies, with our sensitive IFC methodology, we could clearly detect microplastic particles engulfed by salmon macrophages, although only few particles were detected inside these cells. We, therefore, assume that these cell types can phagocytose microplastics as (foreign) particles. It should be pointed out that the salmon HK phagocytic cells were not able to uptake more microplastics; the reason could be that the cells can efficiently recognize microbe-derived particles (bio particle from E. coli) due to their natural antigenicity and phagocytose it more easily than an “unknown particle” such as the microplastic. Furthermore, the microplastic beads are not coated with any compound recognizable by the phagocytic cells, and they are larger compared to the bioparticles.

Compared to microplastic particles, the bio-particles are known to emit fluorescence within cells. However, this occurs only upon acidification, i.e., they emit fluorescence of a particular wavelength, depending on the pH level that the particle encounters. Hence, we suggest the use of fluorescent intensity feature rather than spot count feature to accurately assess the counts of degradable particles in phagocytes. Although a different feature was used to count the number of particles per phagocytic cell, a publication (12) has reported an IFC method for counting internalized fluorescent-labeled bacteria. The author succeeded in distinguishing between cells with high bright detail similarity score and those with low bright detail similarity score; the former one had internalized particles while other cells had external particles. Although the method of Smirnov et al. (12) gives information on the overall degree of phagocytosis in phagocytic cells, it cannot accurately count the internalized particles. Thus, the bright detail similarity score and fluorescent intensity feature are effective in detecting and counting (as in this report) the mean number of internalized particles per phagocytic cell.

Although we did not perform a direct comparison between IFC and conventional FC, from our results we understand that false events such as auto-fluorescence and aggregated particles can be misinterpreted in the case of conventional FC. Pixel and intensity features were adjusted carefully in the present study to exclude the false-positive events. Caution should be exercised when gating phagocytic cells using these features because in IFC, cell size is measured based on pixels, and the sensitivity of the measurement is dependent on the cell size (19). Thus, in order to include the region of interest for analysis, the mask that identifies the intracellular compartment has to be adjusted for different types of cells and particles.

After standardizing the protocols for monocytes/macrophage phagocytosis, we optimized the methods for measuring phagocytosis, using degradable bio-particles, by cells from three very different aquatic animals—two fishes, Atlantic salmon and Nile tilapia and a mollusc, blue mussel—to evaluate the effect of incubation temperature on their phagocytic abilities and capacities. Our results indicated that phagocytosis of cells from the fishes can be affected by the incubation temperature. Although not directly comparable, phagocytosis of human leukocytes was reduced at higher and lower temperature compared to the normal host temperature range (30). Interestingly, the phagocytosis by hemocytes from blue mussel, a eurythermal species that can tolerate a broad temperature range from −1 to 20°C (31, 32), was not affected by incubation temperature.

In summary, IFC was used to study phagocytosis in fish and mussel cells. We were able to identify cell populations and determine the phagocytosis of different kinds of particles by quantifying the number of internalized particles and detecting the localization of particles in the phagocytes. This study provides important information about how IFC can be used in the field of fish immunology and ecotoxicology. Furthermore, the procedures described in this report may have wider application in aquatic sciences, to unravel the effects of microplastic-ingestion by living organisms in the oceans.
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Phagocytes are highly motile immune cells that ingest and clear microbial invaders, harmful substances, and dying cells. Their function is critically dependent on the expression of chemokine receptors, a class of G-protein-coupled receptors (GPCRs). Chemokine receptors coordinate the recruitment of phagocytes and other immune cells to sites of infection and damage, modulate inflammatory and wound healing responses, and direct cell differentiation, proliferation, and polarization. Besides, a structurally diverse group of atypical chemokine receptors (ACKRs) are unable to signal in G-protein-dependent fashion themselves but can shape chemokine gradients by fine-tuning the activity of conventional chemokine receptors. The optically transparent zebrafish embryos and larvae provide a powerful in vivo system to visualize phagocytes during development and study them as key elements of the immune response in real-time. In this review, we discuss how the zebrafish model has furthered our understanding of the role of two main classes of chemokine receptors, the CC and CXC subtypes, in phagocyte biology. We address the roles of the receptors in the migratory properties of phagocytes in zebrafish models for cancer, infectious disease, and inflammation. We illustrate how studies in zebrafish enable visualizing the contribution of chemokine receptors and ACKRs in shaping self-generated chemokine gradients of migrating cells. Taking the functional antagonism between two paralogs of the CXCR3 family as an example, we discuss how the duplication of chemokine receptor genes in zebrafish poses challenges, but also provides opportunities to study sub-functionalization or loss-of-function events. We emphasize how the zebrafish model has been instrumental to prove that the major determinant for the functional outcome of a chemokine receptor-ligand interaction is the cell-type expressing the receptor. Finally, we highlight relevant homologies and analogies between mammalian and zebrafish phagocyte function and discuss the potential of zebrafish models to further advance our understanding of chemokine receptors in innate immunity and disease.

Keywords: Mycobacterium marinum, infection, wounding, zebrafish, cancer, inflammation, chemokine receptor, phagocytes


INTRODUCTION

Phagocytosis refers to the recognition and internalization of particles larger than 0.5 μm into a plasma membrane-derived vesicle called the phagosome. Phagocytes are cells that can phagocytose harmful particles, pathogens, and dying cell debris. Phagocytes are broadly divided into professional and non-professional phagocytes (1). In non-professional phagocytes like epithelial cells, endothelial cells, and fibroblasts, phagocytosis is a facultative function as these cells have other tissue-resident functions, although they can contribute to tissue homeostasis by phagocytosing apoptotic debris (2). In contrast, professional phagocytes efficiently identify, engulf, and clear invading pathogens, harmful substances, and dying cells. This group includes highly motile cells such as neutrophils, monocytes, macrophages, eosinophils, mast cells, and dendritic cells as well as tissue-resident cells like osteoclasts (3). Professional phagocytes express multiple specialized membrane-bound receptors that recognize target particles of different nature. Pattern recognition-receptors (PRRs) identify pathogen-associated molecular patterns (PAMPS) and damage-associated molecular patterns (DAMPS) and activate the immune response (1, 3). The phagocytosis process, itself is initiated by other surface receptors. Among these, scavenger receptors mediate the phagocytosis of endogenous ligands, like lipoproteins, as well as microbial invaders. Opsonic receptors recognize targets detected and bound by soluble host molecules, such as complement proteins and antibodies. Receptors for apoptotic cells recognize soluble cues secreted by dying cells (e.g., lysophosphatidylcholine and ATP) or characteristic molecules exposed on the surface of dying cells, such as phosphatidylserine (1, 2). Professional phagocytes play pivotal roles in immunomodulation, development, pathogen clearance and antigen presentation (2, 3).

In addition to pattern recognition and phagocytic receptors, phagocytes express various types of chemokine receptors that coordinate cell movement and confer certain functional properties to these cells (4, 5). Chemokine receptors belong to the G-protein-coupled receptor (GPCR) family and transiently activate GTP-binding proteins that remodel actin structures of the cytoskeleton to control the contractile machinery of the cell and direct cell migration [mm]. Dynamic actin rearrangements control the formation of pseudopodia during cell migration toward a target as well as the formation of protrusions that surround harmful particles and pathogens before internalization within the phagosome during phagocytosis (5–7). Chemokine receptors are essential for phagocyte function as they trigger the rearrangement of actin-containing structures required for cell motility, which is at the core of developmental and immunological processes and tissue maintenance and remodeling (8–10). Likewise, chemokine receptor signaling contributes to the differentiation, proliferation, and polarization of phagocytes, which are determining factors in host-pathogen interactions, inflammatory responses, inflammation resolution, and wound healing (4–6, 11, 12).

Zebrafish are increasingly used as a model species to study development and disease owing to the accessibility of the early life stages (embryos and larvae) for genetic analyses, chemical screens, and intravital imaging (6, 13–17). These useful features of the zebrafish have been exploited to study the roles of phagocytes in models of infectious and inflammatory diseases and cancer. In this review, we will illustrate how the zebrafish model contributed to our understanding of the role of chemokine signaling axes in phagocyte biology and highlight its main contributions to the understanding of chemokine signaling axes in phagocytes by addressing relevant homologies and analogies between mammalian and zebrafish phagocyte function. We will focus on the two major structural subfamilies of chemokine receptors, CC and CXC, and on the migratory properties of macrophages and neutrophils in the context of development and disease. We will discuss the regulatory role of atypical chemokine receptors (ACKRs), in shaping chemokine gradients and how duplication of chemokine receptor genes in zebrafish allows assessing sub-functionalization or loss/gain of function events and the challenges that gene duplication poses. Finally, we will discuss the potential of zebrafish models to further our understanding of chemokine receptors in innate immunity and immune-related disease.



FUNDAMENTALS OF CHEMOKINE SIGNALING AND REGULATION

Chemokines are small secretory and transmembrane cytokines that induce directed chemotaxis of macrophages and neutrophils through their specific receptors under pathological and homeostatic conditions (5, 7, 18). Chemokine receptors belong to the chordate-restricted class A of (rhodopsin-like) heptahelical G-protein coupled receptors (GPCRs), which is grouped into four subclasses according to the pattern of highly conserved cysteine residues they display near their N-terminus (CC, CXC, CX3C, and XC) (5, 19). The cysteine motif of a chemokine receptor is followed by an “R” for “receptor” or an “L” for ligands and a number indicating the chronological order in which the molecules were identified (5, 19, 20). A further subfamily containing the characteristic motif CX has been identified only in zebrafish at present (19). Following nomenclature conventions, human chemokine receptors are written in capital letters, while those of other species use the lowercase to simplify the distinction between species. The structure of chemokine receptors consists of an intracellular COOH terminus, an extracellular NH2 terminus, and seven transmembrane domains linked by three extracellular and three intracellular loops (5, 12) Chemokine receptors mediate leukocyte trafficking during cell migration processes such as infection, damage, development, cell proliferation and differentiation (21–24). GPCRs are the largest and most diverse family of membrane receptors in eukaryotes and the most common pharmaceutical target making chemokine receptors attractive targets to treat chronic inflammatory conditions (12, 25).

Inactive chemokine receptors are coupled to heterotrimeric G proteins. The Gα subunit is bound to GDP (guanosine diphosphate) in resting conditions and exchanges the GDP molecule for GTP (guanosine triphosphate) when the chemokine receptor binds a cognate ligand. The GTP-Gα subunit complex dissociates from the receptor and the Gβ-γ heterodimer, which triggers the canonical downstream signal pathways that ultimately result in the intracellular mobilization of Ca+2 and the rearrangement of cytoskeletal components required by the vesicle trafficking machinery and for cell migration (5, 26–28). Besides the conventional G protein-dependent signaling pathways, chemokine receptors can directly activate JAK/STAT (Janus kinase /Signal transducer and activator of transcription) signaling, a pathway shown to induce chemotaxis of progenitor germ cells (PGCs) in zebrafish (6, 29–31). Furthermore, chemokine receptors can also signal through β-arrestin to mediate the internalization and intracellular degradation of chemokines and chemokine receptors (12, 30, 32, 33).

Chemokine networks are highly promiscuous and redundant and can result in antagonistic and synergistic interactions since different signaling pathways share signal transducing elements. Due to its complex nature, chemokine signaling axes build up tangled networks that need tight spatio-temporal regulation to evoke specific responses (34). Some regulatory mechanisms of chemokine signaling include biased signaling, allosteric modulation of receptor activation, receptor internalization, receptor dimerization, ligand sequestration and ligand processing (5, 28, 35, 36). Furthermore, the function of conventional chemokine receptors can be fine-tuned by ACKRs. These atypical chemokine receptors constitute a structurally diverse group unified by their shared function of shaping chemokine gradients. ACKRs cannot signal in the canonical G protein-mediated fashion, but most of them can signal through β-arrestins and mediate chemokine degradation (33, 37). Several studies demonstrate that the ligand-scavenging function of AKCRs provides an important regulatory mechanism during cell migration and phagocyte recruitment (33, 37–39).



ZEBRAFISH AS A WINDOW TO CHEMOKINE RECEPTOR FUNCTIONS

The zebrafish model has been successfully used to study how chemokine signaling networks determine macrophage and neutrophil functions and to ascribe these receptors a role in immunity, inflammation, and cancer models (4, 13, 16, 22, 40–42). It is a powerful vertebrate model well-suited for non-invasive in-vivo imaging given its optical transparency at early embryonic and larval stages. Transgenic lines specifically labeling neutrophils and macrophages by linking fluorescent proteins to the mpx and lyz promoters for the former, and the mpeg1.1 and mfap4 promoters for the latter, allow us to visualize and track these phagocytes at a whole organism level. A wide variety of gene-editing methods like CRISPR-Cas9 and transitory gene knockdown (morpholinos) or RNA-based gene overexpression can be delivered by microinjecting eggs at the single-cell stage (16, 43). The zebrafish model is ideal to assess developmental processes and since over 80% of all human disease genes identified so far have at least one functional homolog in zebrafish, it serves as a powerful animal model for human diseases too (22, 43).

Most human chemokine receptors and ACKRs have at least one (putative) zebrafish ortholog (6, 30, 44) as shown in Table 1. The last common ancestor of humans and zebrafish went through two rounds of whole-genome duplication during vertebrate evolution (19). Subsequently, a series of intrachromosomal duplication events occurred in the taxon that led to zebrafish (4, 19, 44, 46). These events resulted in the duplication of several chemokine receptor genes that either preserved their original function, lost their function, or acquired a new one (19, 44). While most of the human chemokine receptor genes can be found as single or multi-copy genes in the zebrafish genomes, some cases remain unresolved (Figure 1). For example, no homologs of CCR1, CCR3, and CCR5 are currently annotated in the Zebrafish Information Network (ZFIN) database. Moreover, there are zebrafish chemokine receptors annotated without a human counterpart, such as Ccr11 and Ccr12. Also, a CX family of chemokine receptors has been identified that is restricted to (zebra) fish (6, 19, 44).


Table 1. Chemokine receptor genes, their ligands and their role in embryonic development, cancer progression, wound-induced inflammation and pathogen-driven inflammation.
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FIGURE 1. Human chemokine signaling networks are highly promiscuous. There are 25 receptors and 45 ligands in the human chemokine signaling network including seven members of the CXCR family (green), 1 XCR (cyan), 10 CCR (blue), and 1 CX3CR (violet). The CXCL chemokines are shown in shades of pink, XCL in cyan, CCL in shades of blue, and CX3CL in violet. The color intensity of the lines connecting receptors and ligands indicates the binding specificity. Darker colors indicate a higher binding affinity. There are six characterized AKCRs (orange) that antagonize the function of conventional chemokine receptors (connected with lines) by binding one or more of their ligands.


This review will focus on the zebrafish homologs of human of CXCR1/2, CXCR3, CXCR4, ACKR3, and CCR2 (Supplementary Table 1) since these receptors have a known function in phagocyte function during development and inflammatory processes. Below we discuss how the genes encoding these receptors are conserved, and in some cases, duplicated in zebrafish. In the subsequent sections, we review how studies in zebrafish contributed to understanding the roles of these receptors in developmental and disease processes.


The Cxcr1/2-Cxcl8 Signaling Axis

The CXCR1/2-CXCL8 signaling axis is one of the primary chemotactic pathways in neutrophils and of major interest to assess inflammatory processes (45). Zebrafish chemokine receptors Cxcr1 (Il8ra) and Cxcr2 (Il8rb) are functionally homologous to their mammalian counterparts. Furthermore, chemokines of the CXCL8 (IL-8) family, which interact with these receptors, are conserved between humans and zebrafish, while not present in mice (75). Cxcr1 and 2 are highly expressed on zebrafish neutrophils and mediate their recruitment by binding to their shared ligands Cxcl8a, Cxcl8b1, Cxcl8b2, and Cxcl8b3 (Cxcl8L2.1, 0.2, and 0.3, respectively) (6, 19, 47, 52). Cxcl8a and the three Cxcl8b variants are all reported to act via Cxcr1 and Cxcr2 to induce neutrophil recruitment, whereby no specific binding patterns involving the three Cxcl8b variants have been reported so far (6, 47). The Cxcl18b chemokine found in zebrafish and other teleost fish also attracts neutrophils via Cxcr2 (56). Whether this chemokine activates Cxcr1 remains unknown.



The Cxcr3-Cxcl11 Signaling Axis

Human CXCR3 is predominantly expressed on T cells, but also multiple other leukocyte cell types, including macrophages (57, 58). The cxcr3 gene is triplicated in zebrafish and the copies are referred to as cxcr3.1, cxcr3.2, and cxcr3.3. In humans, CXCR3 binds to CXCL9 (MIG: monokine induced by gamma interferon), CXCL10 (IP-10: interferon-gamma induced protein 10) and CXCL11 (I-TAC: inflammatory-inducible T-cell alpha chemoattractant) (19, 50). These chemokines are thought to be derived from a common CXCL11-like ancestral gene. In zebrafish seven cxcl11-like chemokine genes have been identified and are annotated as cxcl11aa, ac, ad, ae, af, and ag (57). The Cxcl11aa ligand has been functionally studied and was shown to mediate cell recruitment through Cxcr3.2 (48, 57, 58). Studies in zebrafish larvae have focused on cxcr3.2 and cxcr3.3, which are expressed on macrophages and neutrophils while cxcr3.1 is not detectable at this stage (57). While Cxcr3.2 appears to function as a conventional chemokine receptor, like human CXCR3, Cxcr3.3 has features of ACKRs such as a DCY motif instead of the highly conserved DRY motif that prevents classic G protein-mediated signaling (12, 48). Supporting that Cxcr3.3 regulates Cxcr3.2 function, these paralogs have antagonistic effects on macrophage recruitment to sites of infection and injury in zebrafish (48, 57). The functional antagonism between the zebrafish paralogs cxcr3.2 and cxcr3.3 can be viewed as a regulatory mechanism analogous to the functional antagonism of human CXCR3 splice variants A and B (50, 62, 76, 77).



The Cxcr4a/b-Ackr3/Cxcl12-Signaling Axis

CXCR4 signaling mediates functions of a variety of cell types, within and beyond the immune system (63, 78). The CXCR4-CXCL12 (SDF1: stromal cell-derived factor) axis is remarkably conserved between zebrafish and humans although both the receptor and ligand genes are duplicated in zebrafish and annotated as cxcr4a/b and cxcl12a/b, respectively (6, 30, 64). Both Cxcr4 receptors can bind both ligands, although Cxcr4a preferentially binds to Cxcl12b and Cxcr4b binds Cxcl12a with a higher affinity (29). The duplication of the cxcr4 gene in zebrafish is a representative example of gene sub-functionalization. Cxcr4a is primarily associated with cell proliferation and vessel extension, while Cxcr4b regulates neutrophil and macrophage interactions with other cell types and has been implicated in the modulation of inflammation, neutrophil and macrophage migration, metastatic and angiogenic events, and tissue regeneration (29, 64, 65, 79). In mammals, CXCR4-CXCL12 is subject to modulation by an atypical chemokine receptor ACKR3, which binds the CXCR4 ligand CXCL12 but also the CXCR3 ligand CXCL11 (63, 66). The zebrafish ackr3b (cxcr7b) gene is on the same chromosome as cxcr4a/b and it has been shown that the Ackr3b protein binds both Cxcl12 and Cxcl11 but cannot induce cell migration (79–82). By competing with Cxcr4b for the shared Cxcl12a ligand, Ackr3b helps to maintain chemokine gradients during chemotaxis (79, 80). The potential interaction between Ackr3b and Cxcr3.2-Cxcl11aa signaling has not been characterized yet (70). As discussed below, Ackr3b has been implicated in several pathological conditions as well as in zebrafish development (6, 66, 79, 80, 82).



The Ccr2-Ccl2 Signaling Axis

CCR2 is the receptor for monocyte chemoattractant protein −1 (MCP-1/CCL2) (53). Identifying zebrafish orthologs of human CC chemokine receptors has been challenging since multiple zebrafish cc- receptor genes have a remarkably high similarity to a single human CC chemokine receptor gene. However, a zebrafish ccr2 orthologue could be identified in zebrafish, supported by functional evidence, as human CCL2 was shown to trigger macrophage recruitment in zebrafish embryos in a ccr2-dependent manner (53, 83).

The duplication of several chemokine receptor genes in zebrafish poses a challenge for the identification of homologies and at the same time, it provides an experimental platform to assess both loss of function and sub-functionalization events to further our understanding of chemokine signaling in phagocyte function as exemplified by the Cxcr4 and Cxcr3 paralogs (29, 48). In the following sections, we will illustrate how zebrafish embryonic development helped to unravel fundamental chemokine signaling mechanisms and discuss in detail the roles of zebrafish chemokine receptors Cxcr1/2, Cxcr3.2/3.3, Cxcr4b, Ackr3b, and Ccr2 in macrophage and neutrophil biology in the context of cancer and wound and pathogen-driven inflammation.




DISSECTING CHEMOKINE SIGNALING PRINCIPLES USING DEVELOPING ZEBRAFISH

The chemokine signaling axes involved in phagocyte biology are also functional in other cell types of the developing zebrafish embryo (84). This model brought fundamental new insight into the principles of chemokine signaling. It was a long-held idea that the membrane-spanning domains and the extracellular portions of a chemokine receptor conferred signal specificity (85). However, recent work on zebrafish showed that cell identity and chemokine receptor signal interpretation modules (CRIM) are the major determinants for the functional specificity of a chemokine receptor-ligand interaction (84, 85). The directed expression of chemokine receptors that were not naturally expressed by a cell through mRNA injections of zebrafish eggs showed that the foreign receptor could overtake the function of the original receptor in the presence of its ligand. Even receptors that do not share high sequence similarities, like CC and CXC receptors, were found to evoke the same response if expressed on the same cell-type showing that CRIM process a generic signal into a discrete response that is dictated by the cell type. Consistent with the fact that cell identity and CRIM determine the functional specificity of chemokine receptors, the same chemokine receptor can elicit very different biological responses depending on the cell that expresses it (84). For example, when Cxcr4a is expressed on hematopoietic progenitor cells, it modulates chemotaxis, yet in neuronal progenitor cells, it inhibits proliferation (86).

Studies in zebrafish embryos also contributed to elucidate regulatory mechanisms of chemokine signaling. One such process is the cleavage of certain chemokines (like Cxcl8) by matrix metalloproteinases (MMPs) to activate and confer them enhanced chemotactic properties. The use of a broad-spectrum MMP inhibitor showed reduced neutrophil and macrophage recruitment to sterile heart injury in zebrafish showing that MMPs are key mediators of inflammation and tissue regeneration (36). An outstanding example of ACKR-mediated regulation of chemotaxis comes from the characterization of the paralogs cxcr4a and cxcr4b and the interaction of the latter with Ackr3b to fine-tune single-cell migration during development. The Cxcl12b-scavenging function of Ackr3 is required for shaping a self-generated chemokine gradient that guides the migration of the lateral line cell primordium (6, 60, 79, 80). An analogous Cxcr4/Ackr3/Cxcl12 system indispensable to form an endogenous chemokine gradient within the mouse lymph node was described later, confirming the observation made in zebrafish (61). In fact, the identity of Ackr3b as a scavenger receptor that signals via β-arrestins was first described in zebrafish and later confirmed in human cells and mice (38). Similarly, Cxcr1/2-Cxcl8 driven migration of neutrophils along immobilized gradients within tissue was first described in zebrafish (73). During this process, tissue-bound chemokine gradients form through the binding of chemokine and heparan sulfate proteoglycans (HSPGs) resulting in a process called haptotaxis. This type of cell movement coordinates both directional guidance of cells (orthotaxis) and motility restriction in the proximity of the source of the chemotactic signal (73). Haptotaxis was later confirmed in murine dendritic cell recruitment via Ccl21 (87).

Among the chemokine receptors of phagocytes, it is especially the interacting Cxcr4/Ackr3 pair that has much broader roles in developmental processes. We briefly summarize the zebrafish studies that revealed these developmental roles below, which are important to take into account also when studying immune cell functions.


The Cxcr4a/b-Ackr3-Cxcl12 Axis in Development

Cxcr4a is mainly involved in guiding multicellular vessel growth (88) and in controlling proper gastrulation movements by ensuring adhesion between cell-matrix and endodermal cells (49). The Cxcr4b-Cxcl12a signaling axis regulates the migration of a wide range of cell types including neuronal cells, axons, neutrophils, neural crest cells, endothelial cells, and muscle cell precursors (6, 33, 49, 80, 88). Primordial germ cells express Cxcr4b and migrate toward Cxcl12a gradients tracing their migration route. These cells specifically respond to Cxcl12a and neglect the Cxcl12b ligand, involved in other developmental processes, which can be found along their migration path. Ackr3b, expressed mostly by somatic cells, plays a fundamental role in removing Cxcl12b from the extracellular space and clearing the path for PGC migration (31, 63, 65, 78). It scavenges chemokines to shape time and tissue-specific gradients to tightly regulate developmental processes involving cell migration (6, 79, 80). The Cxcr4a/b- Ackr3-Cxcl12 interaction was first observed in vivo during zebrafish PGCs migration (33). Ackr3 orchestrates the lysosomal degradation of Cxcl12a in a β-arrestin-dependent process while the receptor itself is recycled back to the plasma membrane (37). Moreover, the scavenging activity of Ackr3b is crucial for the maintenance of a self-generated chemokine gradient that directs the migration of the lateral line primordium during the development of the zebrafish posterior lateral line (PLL) (60, 79, 80).




CHEMOKINE RECEPTORS IN CANCER PROGRESSION

Cancer progression is strongly influenced by chemokine-dependent leukocyte recruitment and infiltration into primary tumors as well as by the subsequent dissemination of cancer cells from primary tumors into adjacent and distant tissues (15, 76, 89). Live visualization of fluorescently labeled tumor cells in zebrafish larvae enables early assessment of vascular remodeling events, tumor dissemination, and metastasis at the organismal level (24, 64). Zebrafish cancer models are also suitable to image early tumor-initiation events and the crucial interplay between the tumor cells and the microenvironment (45). In particular, xenotransplantation models, in which human invasive cells are systemically inoculated into zebrafish larvae, are useful to assess the interactions between human tumor cells and host leukocytes that underlie early metastatic onset (67). Additionally, the larval zebrafish system offers a simple and robust screening platform for anti-tumor compounds targeting different stages (angiogenesis, metastasis, etc.), further emphasizing its translational value (24, 64).

The tumor environment is a highly inflammatory focus that attracts leukocytes through secretion of cytokines of different natures, including chemokines (45). Chemokine receptors CXCR1, 2, 3, 4, and 7 have been implicated in tumor angiogenesis, sustaining tumor growth and expansion both in zebrafish and humans, as discussed below. The role of CCR chemokine receptors in cancer using the zebrafish model has not been addressed yet.


The Cxcr1/Cxcr2-Cxcl8 Axis in Cancer

Neutrophils are the first responders to acute inflammation, infection, and damage. These cells exhibit remarkable phenotypic plasticity that is determined by the integration of extracellular cues (45). In zebrafish, cancer cells recruit neutrophils through chemokine receptors Cxcr1 and 2 and their Cxcl8 ligands (15, 75). Neutrophil populations have a dual role in the development of different cancers. Tumor-associated neutrophils (TANs) directly engage with tumor cells and are reported to support tumor growth, tissue invasion and angiogenesis mimicking sites of chronic inflammation. In contrast, anti-tumor neutrophils undergo apoptosis and reverse migration back into the vasculature, thereby favoring the resolution of inflammation (45, 75). Using the zebrafish model, it became clear that TANs are recruited to tumor-initiating sites through the Cxcr1-Cxcl8a pathway and that in this context, Cxcr2 is not required for efficient neutrophil recruitment. Fewer neutrophils are recruited to tumor-initiating foci in cxcr1 mutant zebrafish larvae and proliferation of tumor cells is restricted, suggesting that TANs are critical for early stages of neoplasia and tumorigenesis (75). In agreement with these observations, Cxcr1 expression is lower in anti-tumor neutrophils that display a predominantly anti-inflammatory phenotype (52, 68).



The Cxcr4a/b-Ackr3–Cxcl12 Axis in Cancer

A vast body of literature associates the chemokine receptor CXCR4 with the development of cancer pathogenesis in humans, mice and zebrafish (6, 15, 24, 50, 74). Cxcr4b is highly expressed on zebrafish neutrophils and together with its ligand Cxcl2a, it facilitates tumor angiogenesis and dissemination into different tissues by attracting malignant Cxcr4-expressing cells into healthy organs and tissues where ligand can be found (63, 74, 76). Zebrafish larvae lacking cxcr4b (ody mutants) fail to induce micrometastases and to sustain human cancer cells after xenotransplantation. Basal neutrophil motility is attenuated and whole-body neutrophil counts are lower in cxcr4b mutants than in wild type (wt) larvae (67). Accordingly, tumors in cxcl12a mutant zebrafish cannot metastasize, further supporting that Cxcr4b signaling promotes tumor expansion (64).

While neutrophils are important cellular mediators of inflammation and play a central role in tumor initiation and expansion macrophages represent a significant amount of the leukocytes that infiltrate tumors. Macrophages phagocytose cancer cells and dying neutrophils whilst secreting immunomodulatory cytokines. Macrophages also express Cxcr4b and respond to Cxcl12a (11, 90). A study focused on glioblastoma progression used the zebrafish model to show that tumor cells secrete Cxcl12a to recruit macrophages to the tumor site (90). Cxcr4b-Cxcl12a signaling in macrophages is also linked to tumor-promoting functions by enhancing proliferation and invasiveness, modifying the extracellular matrix and favoring tumor neovascularization (15, 28, 65). Interestingly, live visualization of zebrafish macrophages and microglia showed dynamic interactions with cancer cells which did not result in phagocytosis of the malignant cells, thereby avoiding an anti-tumor function of macrophages (67). cxcr4b mutant larvae had a lower tumor burden in this context too and depletion of macrophages and microglia significantly reduced oncogenic cell proliferation, suggesting that Cxcr4b signaling promotes macrophage infiltration during initial stages of brain cancer (90).

As discussed above, Cxcr4b signaling can be fine-tuned through ligand scavenging by the atypical Ackr3b receptor. Human ACKR3is linked to tumor growth, invasion, and metastasis (11). Tumor cells and vascular endothelial cells of different tissues show an increased expression of Ackr3 and it has been suggested to include this receptor as a marker for cancer (63). A study by van Rechem et al. (91) found that Ackr3 is a direct target of the tumor suppressor HIC1 (Hypermethylated in Cancer 1) which is inactive in many human tumors. The role of Ackr3b in cancer pathogenesis is still unknown in zebrafish and as multiple studies found that Ackr3b depletion results in severe developmental abnormalities (6, 29, 30, 37), a gene knockout/down approach to assessing its role in cancer progression would require the development of cell-specific or conditional knockout systems.




CHEMOKINE RECEPTORS IN WOUND-INDUCED INFLAMMATION

The zebrafish model is well-suited to assess aseptic wound-induced inflammation and tissue regeneration either by amputating the ventral or tail fin or by pinching tissue with sterile needles (68, 69, 92). Recruitment of neutrophils first, and macrophages in a later phase, is key during the inflammatory response, which is broadly divided into three phases: early leukocyte recruitment, amplification or acute inflammation, and resolution (69). Neutrophils recruited shortly after damage secrete chemokines that activate tissue-resident cells and recruit more leukocytes to the injury, thereby amplifying inflammation. As described in the previous section, Cxcl8a is a strong neutrophil attractant and therefore, a central element at all stages of the inflammatory process (68, 69, 71). Neutrophils are known to be short-lived and to undergo apoptosis shortly after activation (40). However, a recently characterized subpopulation of neutrophils that returns to the circulation after activation has a longer lifespan and an anti-inflammatory effect (68, 69). The tail-amputation model using larval zebrafish is well-suited for tracking neutrophil reverse migration since it enables in-vivo tracking of these cells at different stages of the inflammatory response (72, 92). It helped to establish that neutrophils recruited upon injury emerge from hematopoietic tissue in the proximity of the affected area, that they shuttle between the vasculature and the injury during acute inflammation and redistribute in a proximal direction to different sites of the body during the resolution phase (72). A detailed assessment of the transition from neutrophil recruitment and clustering during acute inflammation and neutrophil redistribution during the resolution phase showed to be regulated through Cxcl8a-induced trafficking and turnover of Cxcr1 and Cxcr2 on the membrane of neutrophils (71).

Two distinct subtypes of macrophages, pro-inflammatory and anti-inflammatory, drive the formation of a mass of highly proliferative stromal cells called blastema and subsequent tissue remodeling during epimorphic regeneration (51, 93). Using the zebrafish tail-amputation model with fluorescently labeled macrophages (mCherry) and Tnfa (GFP), Nguyen-Chi et al. showed that shortly after tail amputation both pro-inflammatory (GFP+) and ant-inflammatory macrophages (GFP-) accumulated in damaged tissue and that anti-inflammatory macrophages remained associated to the injury until regeneration was completed unlike pro-inflammatory macrophages, which retracted from the area. Chemical depletion of macrophages showed that the initial interaction between TNFa-expressing macrophages and the damaged area is required for blastema formation. Knockdown of the Tnfa receptor tnfar1 confirmed that Tnfa is fundamental for fin regeneration as it primes blastema cells to undergo regeneration in zebrafish (93). This phenotypic polarization dynamics in macrophages had been reported in cell culture but it had not been confirmed in a live system. Below we discuss the chemokine receptors implicated in the wound-induced macrophage and neutrophil migration and polarization responses.


The Cxcr1/2-Cxcl8 Axis in Wound-Induced Inflammation

Both Cxcr1 and Cxcr2 are required for efficient recruitment of neutrophils to damaged areas at the initial stage of the inflammatory response (52). Cxcr2 and Cxcl8a (Cxcl8L1) and Cxcl8b (Cxcl8L2) are transcriptionally upregulated after tail amputation in zebrafish. However, Cxcl8a and Cxcl8b have differential roles in neutrophil migration during inflammatory responses. Cxcl8a mainly orchestrates neutrophil recruitment to sites on injury whereas Cxcl8b redirects neutrophils back into the bloodstream (94). Work in zebrafish also showed that the bidirectional movement of neutrophils between the injury and vasculature during acute inflammation is coordinated by distinct roles of Cxcr1 and Cxcr2 (75, 95). Neutrophils that undergo reverse migration express lower levels of Cxcr1 relative to Cxcr2, suggesting that Cxcr2 is involved in recruiting neutrophils back into the vasculature. Further research showed that the Cxcr1-Cxcl8a axis recruits neutrophils to the inflammatory focus while Cxcr2-Cxcl8a orchestrates reverse migration and resolution of inflammation (89). Recently, Coombs et al. showed that both Cxcr1 and Cxcr2 mediate the initial recruitment of neutrophils to damaged tissue but that these receptors exert different functions during the transition from acute inflammation to the resolution phase. Cxcr1 shows a strong initial response toward Cxcl8a but undergoes gradual desensitization followed by receptor internalization, whereas Cxcr2 remains stably expressed on the plasma membrane with sustained responsiveness toward Cxcl8b, and orchestrates neutrophil dispersal during the resolution phase (71).



Cxcr3 and Ccr2 Axes in Wound-Induced Inflammation

Macrophages are crucial players of the inflammatory response triggered by tissue damage and exhibit remarkable phenotypic plasticity (51, 54). Live tracking of fluorescently labeled macrophages in zebrafish showed that these cells are recruited to injury shortly after neutrophils at early stages [several papers]. Cxcr3.2, a functional CXCR3 ortholog in zebrafish, and Ccr2 both mediate the recruitment of macrophages to injury (48, 53, 57, 58, 83). Mutation of cxcr3.2 and knockdown of ccr2 result in attenuated recruitment of macrophages to the wound (57, 58). Cxcr3.2 depletion also reduced neutrophil recruitment, unlike Ccr2 knockdown which affected macrophages only (48, 58, 83). At the beginning of the inflammatory response, macrophages acquire a pro-inflammatory phenotype characterized by the secretion of inflammatory markers (M1) like Tnfa, Il1-b, and the Cxcr3.2 ligand Cxcl11aa. As the inflammatory process develops, they transit toward an anti-inflammatory phenotype (M2) characterized by the expression of chemokine receptor Ccr2 and Cxcr4b (51). Ccr2 is thought to mediate the transition from acute inflammation [M1] to tissue regeneration processes [M2] as phagocytosis of necrotic and apoptotic neutrophils by macrophages is associated with the beginning of tissue regeneration (69, 93).



The Cxcr4a/b-Ackr3-Cxcl12 Axis in Wound-Induced Inflammation

The chemokine signaling axis Cxcr4b-Cxcl12a is required for the proper development and distribution of neutrophils at early developmental stages and sustains inflammation by recruiting and retaining neutrophils at sites of injury (40, 96). CRISPR-Cas9-mediated knockdown of Cxcr4b and Cxcl12b significantly increased the clearance of apoptotic neutrophils by macrophages and enhanced reverse migration of neutrophils thereby ameliorating inflammation. Chemical inhibition of the Cxcr4b-Cxcl12a axis leads to a faster resolution of inflammation by hindering the retention of neutrophils at the inflammatory site (68, 97). Dominant gain-of-function truncations of CXCR4 are associated with warts, hypo-gammaglobulinemia, infections, and myelokathexis (WHIM) syndrome, a primary immunodeficiency disorder characterized by neutropenia (96). The expression of homologous Cxcr4 WHIM truncations in zebrafish showed that neutrophil release into the blood was impaired and recruitment to injury after fin amputation was diminished. Larvae with the WHIM-truncated Cxcr4b displayed aberrant neutrophil development and distribution due to reduced chemotaxis, which could be reverted upon Cxcl12a depletion, suggesting that WHIM truncation increases Cxcr4b sensitivity toward Cxcl12a (96).

The possible interaction between Cxcr4b and Ackr3b during inflammation has not yet been addressed.




CHEMOKINE RECEPTORS IN PATHOGEN-INDUCED INFLAMMATION

Chemokine receptors play a fundamental role in the immune response against invading pathogens by mediating leukocyte trafficking to sites of infection (3, 4, 98). Bacterial infections can be followed from very early stages and with great detail using cell-specific fluorescent transgenic zebrafish lines and fluorescent bacteria. The optically clear larvae facilitate live visualization of complex host-pathogen interactions at the whole organism level and at the same time, it provides a reasonably simplified setting to assess chemokine signaling when used before adaptive immunity develops (55, 96, 98). Most of the studies on chemokine receptor function in the context of infection were performed with the zebrafish-Mycobacterium marinum (Mm) model for tuberculosis. This model provides a surrogate system that strongly resembles Mycobacterium tuberculosis (Mtb) pathogenesis in humans, including the formation of granulomas, the histological hallmark of tuberculosis. Mm is a natural pathogen of teleost fish and a close genetic relative of Mtb which permits assessing co-evolution between host and pathogen (55). Both Mm and Mtb can survive intracellularly in macrophages. Macrophages are the primary components of granulomas and play a dual role in mycobacterial pathogenesis. Macrophage recruitment to infection sites is crucial for neutralizing mycobacteria but it also provides them with a niche for replication and a vector for dissemination into host tissues (59).


The Cxcr2-Cxcl8 Axis in Pathogen-Induced Inflammation

Cxcr2 (but not Cxcr1) mediates infection-induced neutrophil mobilization from the caudal hematopoietic tissue (CHT) to infectious foci (99). Neutrophils are very efficient at killing pathogens through degranulation and the rapid release of reactive oxygen species (ROS) (100). Mycobacteria primarily infect macrophages to replicate and expand at initial stages of infection (83). At later stages, when the infection is well-established, neutrophils are recruited primarily through Cxcr2 and Cxcl8a secreted by macrophages and epithelial cells (101, 102). Unlike Cxcl8a, Cxcl18b is secreted by non-phagocytic cells of the stroma within granulomatous lesions during Mm infection (56). Neutrophils contribute to the phagocytosis and destruction of infected macrophages and are therefore crucial to control mycobacterial infection (101, 103).



The Cxcr3-Cxcl11 and Ccr2-Ccl2 Signaling Axis in Pathogen-Induced Inflammation

Chemokine receptors direct the course of mycobacterial infection by controlling leukocyte recruitment with distinctive microbicidal properties (51, 53, 93). Mm recruits macrophages at the early stages of infection through the Cxcr3.2 and Ccr2 chemokine receptors (48, 57, 83). Cambier et al. (83) proposed that phenolic glycolipid in the bacterial cell wall induces ccl2 transcription and recruits blood circulating monocytes via Ccr2 in a toll-like receptor-independent way. The monocytes recruited via Ccr2 are permissive to mycobacterial replication and are less efficient clearing the pathogen because they contain less inducible nitric oxide synthases (83). On the other hand, the authors suggest that toll-like receptor-mediated recruitment of tissue-resident macrophages primes cells to adopt a microbicidal phenotype and that mycobacteria evolved different mechanisms to evade detection by these cells. Once Ccr2-expressing monocytes are recruited, mycobacteria can transfer from the microbicidal tissue-resident macrophages to the Ccr2-expressing permissive monocytes. This permissive monocyte recruitment driven by mycobacteria will amplify the infection as infected macrophages that egress from the granuloma seed secondary granulomas away from the initial infection site (53). Interestingly, Cxcl11aa (the main ligand of Cxcr3.2) is induced in a manner dependent on the myeloid differentiation response gene 88 (myd88) (104). Myd88 serves as an adaptor molecule for the majority of toll-like receptors suggesting that macrophages recruited through Cxcr3.2 might have different microbicidal properties than those recruited through Ccr2 (104, 105).

The depletion of either Ccr2 or Cxcr3.2 results in a reduced recruitment of macrophages to sites of infection (53, 57, 58). However, cxcr3.2 knockout limits Mm dissemination as fewer macrophages are recruited to sites of infection due to aberrant macrophage motility that prevents macrophage-mediated seeding of secondary infectious foci (57). Cxcr3.3 restricts Cxcr3.2 function in macrophages through its Cxcl11aa-scavenging function. Macrophages of cxcr3.3 mutant zebrafish larvae are more mobile than wt controls, and recruitment to sites of infection and injury is, therefore, more efficient. Cxcr3.3 depleted larvae, show exacerbated Cxcr3.2 signaling due to higher ligand bioavailability and enhanced bacterial dissemination resulting from higher macrophage motility (48) (Figure 2).


[image: Figure 2]
FIGURE 2. The paralogs cxcr3.2 and cxcr3.3 have antagonistic functions that regulate macrophage recruitment to sites of infection. Cxcr3.2 (orange) is a functional homolog of human Cxcr3 required for macrophage recruitment to sites of infection and other inflammatory settings. Cxcr3.3 (dark red) displays the structural of Ackrs such as the substitution of the central Arginine (R) of the highly conserved E/DRY-motif for a Cysteine (DCY) that prevents canonical GPCR signaling (arrow). Cxcr3.3 regulates Cxcr3.2-mediated macrophage recruitment through its scavenging function (blunt arrow) of Cxcl11-like chemokines (blue dots). (A) Shows how macrophages infected with M. marinum (purple rods) recruit non-infected macrophages through the secretion of Cxcl11-like chemokines to contain the bacterial infection and to clear dying macrophages in wt zebrafish larvae. (B) shows how macrophage recruitment is reduced in cxcr3.2 mutants (as an actively signaling chemokine is depleted) and how fewer macrophages become infected with M. marinum due to reduced macrophage motility, favoring the contention of mycobacterial infection. (C) shows enhanced recruitment of macrophages to sites of infection due to an exacerbated Cxcr3.2 signaling because of higher ligand availability in absence of the scavenging function of Cxcr3.3. The dissemination of mycobacteria into these newly recruited macrophages will later seed secondary granulomas, supporting the dissemination of the infection.




The Cxcr4a/b-Ackr3-Cxcl12 Axis in Pathogen-Induced Inflammation

As mentioned in previous sections, neutrophils are recruited through Cxcr4b and the chemokine Cxcl12a (68, 97). The depletion of Cxcr4b in zebrafish led to a significant reduction in neutrophil recruitment to infectious foci and a higher bacterial burden further emphasizing the relevance of neutrophils in the control of mycobacterial infection (101). Macrophages expressing Cxcr4b have been implicated in the delivery proangiogenic signaling within the granulomatous structures although the mechanism is unknown. Granulomas in cxcr4b depleted zebrafish larvae were poorly vascularized, bacterial growth was restricted and dissemination reduced (106).




CONCLUDING REMARKS

The zebrafish model significantly contributed to the expansion of our knowledge on phagocyte behavior, function, and properties in the context of development, cancer progression, and sterile and pathogen-driven inflammation. Due to its genetic accessibility, zebrafish can be exploited to model congenital syndromes involving chemokine receptors implicated in leukocyte function, such as the WHIM syndrome (96). It has been of great value to unveil fundamental principles underlying chemokine signaling regulation, signal integration and to explore receptor sub-functionalization events (6, 17, 98). Furthermore, the functional diversification of duplicated chemokine receptor genes in zebrafish might reveal core mechanisms of chemokine signaling, like the ligand processing function of MMPs and the Cxcr3.2-Cxcr3.3 functional antagonism, and expand our knowledge on the function and interaction of ACKRs as well as to identify and explore analogous regulatory systems in humans (36, 48).

The tight connection between chemokine receptors and macrophage and neutrophil recruitment posits them as interesting therapeutic targets to treat chronic inflammation, a condition that can be induced by persistent infections like mycobacterial infections and precedes pathologies like cancer, autoimmune diseases and tissue damage (68, 69). The development of antibodies targeting chemokine receptors or chemokines that mediate neutrophil recruitment like Cxcr1/2-Cxcl8 and Cxcr4/ Ackr3-Cxcl12 could be used as an alternative anti-inflammatory and anti-oncogenic treatment to modulate neutrophil recruitment to inflammatory foci and tumor-initiating niches, respectively (75). Promoting neutrophil reverse migration to accelerate the resolution of inflammation by pharmacologically inhibiting Cxcr1-Cxcl8a signaling presents another approach to counteract inflammation and to restrict tumor progression (45, 97). While pharmaceutical targeting of the Cxcr4/ Ackr3-Cxcl12 signaling axis to inflammatory conditions remains plausible, it should be noted that this pathway is central for embryonic development and therefore, a developing organism like zebrafish larvae, might not be an optimal model for screening compounds targeting these axes (6, 30).

CXCR3 signaling in cancer also presents a therapeutic target. Unlike the mutation of ackr3b, cxcr3.2 and cxcr3.3 mutant larvae showed no major effects on embryonic development. Therefore, in future work zebrafish larvae can be used to screen chemical inhibitors targeting the CXCR3 axis. Studies show that disrupting CXCR3 signaling using chemical antagonists results in lower tumor burden in human lung cancer due to reduced cell proliferation and survival as well as increased caspase-independent cell death (107). However, CXCR3 has also been ascribed an angiostatic effect that blocks tumor neovascularization and some of its platelet-derived ligands work as anti-tumor agents by inhibiting lymphangiogenesis (108). The role of Cxcr3 and Cxcr4 signaling axes and their interaction with Ackr3b in cancer progression have not been explored using the zebrafish model in the context of cancer, but it could contribute to clarify the discrepant observations made so far. Also, the disruption of Cxcr3.2 signaling in mycobacterial infection resulted in reduced granuloma formation in zebrafish, similar to CXCR3 knockout in mice (109). Fine-tuning CXCR3 signaling could, therefore, serve the development of host-directed antibacterial therapies to circumvent the treatment limitations imposed by the ever-growing multi-drug resistance of bacterial strains.

Considering that chemokine receptors mediate interactions between macrophages and their extracellular environment, it would be interesting to unravel the chemotactic cues underlying macrophage polarization and their localization during infectious, inflammatory and tissue regeneration processes. Therapies aimed at enhancing macrophage efferocytosis (clearance of apoptotic cells by phagocytes) of neutrophils during inflammation or biasing macrophage polarization toward an anti-inflammatory and regenerative phenotype could serve as novel targets of regenerative drugs (93). Zebrafish stands out as a powerful model to study macrophage functional plasticity during inflammation in real-time and within a whole organism mostly because of the availability of several M1 transgenic lines. The generation of fluorescent transgenic zebrafish lines for M2 markers, such as cxcr4b and ccr2, would be helpful to further dissect the role of chemokine receptor signaling in macrophage polarization (51, 93). Fine-tuning macrophage polarization could enable us to prime macrophages to adopt an inflammatory phenotype that favors pathogen clearance or a tissue-regenerative phenotype to reduce inflammation as a therapy against multiple pathogens and conditions.

Due to its accessibility and its many advantages, the zebrafish model keeps up with state-of-the-art technologies, such as genome editing techniques like CRISPR/Cas9, the application of cell/tissue-specific RNA-sequencing and proteomics analyses (16, 43, 98). Together with cutting-edge microscopy techniques like super-resolution microscopy and lattice light-sheet microscopy, which can provide information about dynamic intracellular processes, the identity of chemokine receptors' downstream effectors and signal integration events can be further investigated. The link between chemokine signaling and relevant intracellular processes, like autophagy, in several contexts, could be assessed in homeostasis and disease to reveal fundamental signaling and physiological mechanisms within phagocytes.
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Macrophages play important roles in conditions ranging from host immune defense to tissue regeneration and polarize their functional phenotype accordingly. Next to differences in the use of L-arginine and the production of different cytokines, inflammatory M1 macrophages and anti-inflammatory M2 macrophages are also metabolically distinct. In mammals, M1 macrophages show metabolic reprogramming toward glycolysis, while M2 macrophages rely on oxidative phosphorylation to generate energy. The presence of polarized functional immune phenotypes conserved from mammals to fish led us to hypothesize that a similar metabolic reprogramming in polarized macrophages exists in carp. We studied mitochondrial function of M1 and M2 carp macrophages under basal and stressed conditions to determine oxidative capacity by real-time measurements of oxygen consumption and glycolytic capacity by measuring lactate-based acidification. In M1 macrophages, we found increased nitric oxide production and irg1 expression in addition to altered oxidative phosphorylation and glycolysis. In M2 macrophages, we found increased arginase activity, and both oxidative phosphorylation and glycolysis were similar to control macrophages. These results indicate that M1 and M2 carp macrophages show distinct metabolic signatures and indicate that metabolic reprogramming may occur in carp M1 macrophages. This immunometabolic reprogramming likely supports the inflammatory phenotype of polarized macrophages in teleost fish such as carp, similar to what has been shown in mammals.
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INTRODUCTION

Macrophages are essential innate immune cells involved in host defense that play a role in initiating inflammation but also play a role in the resolution phase of inflammation and in tissue regeneration. These opposing conditions provide microenvironments that drive innate immune cells such as macrophages to display specific effector functions and tailor immune response to either combat pathogens or repair damage. In mammals, depending on the exact microenvironment, an array of different macrophage phenotypes can exist, with the most polarized phenotypes termed M1 and M2 (1). Inflammatory macrophages are commonly associated with T helper-1 responses (hence M1) and produce pro-inflammatory cytokines, antimicrobial nitric oxide (NO), or other reactive oxygen radicals (ROS) (2–4). Anti-inflammatory macrophages are commonly associated with T helper-2 responses (hence M2), produce anti-inflammatory cytokines, and show increased arginase activity. Hence, M1 macrophages metabolize the amino acid L-arginine to produce NO, while M2 macrophages metabolize the same substrate to produce proline and polyamines (3). Thus, M1 and M2 macrophages show opposing metabolism of L-arginine.

In mammals, macrophages are also metabolically reprogrammed to enhance opposing pathways to generate energy upon polarization [reviewed by (5, 6)]. Most studies addressing macrophage immunometabolism have been performed in mice. IL-4–activated M2 macrophages rely primarily on oxidative phosphorylation (OXPHOS) for energy production, with the exact role of fatty acid oxidation still being debated (6). In contrast, upon activation with bacterial lipopolysaccharide (LPS) alone or in combination with IFN-γ, M1 macrophages show metabolic reprogramming from OXPHOS toward glycolysis. Reprogramming of M1 macrophages toward glycolysis is accompanied by two “breaks” in the tricarboxylic acid cycle (TCA cycle) and inhibition of parts of the electron transport chain (ETC) in the mitochondria (5) (Figure 1). The two breaks in the TCA cycle are due to lower activity and expression of isocitrate dehydrogenase and succinate dehydrogenase (SDH) and lead to an accumulation of citrate and succinate (Figure 1), which supports important pro-inflammatory immune functions of M1 macrophages. For example, accumulated citrate is shuttled out of the mitochondria, and subsequent accumulation in the cytosol contributes to the production of NO, ROS, and fatty acid synthesis for membrane and granule formation. Accumulated succinate contributes to ROS production and can stabilize hypoxia-inducible factor 1-alpha (HIF1α), which activates the glycolytic pathway and drives inflammation through increased expression of IL-1β (7). Released succinate acts as an alarmin in the extracellular microenvironment and is recycled to generate a feed-forward loop, further increasing IL-1β production (8). Last but not least, inhibition of the ETC is mediated both by NO and itaconate (Figure 1). Itaconate, produced from citrate with the enzyme encoded by irg1, is considered an important regulator of metabolic reprogramming, as it inhibits both the ETC and TCA cycle through SDH, but is also important to dampen inflammatory functions at later time points (6, 9). Therefore, metabolic reprogramming from oxidative metabolism to glycolysis supports several inflammatory immune functions in M1 macrophages.
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FIGURE 1. Schematic representation of metabolic reprogramming toward glycolysis in M1 macrophages. Pathways indicated in black are retained or enhanced in M1, pathways indicated in (dashed) gray are reduced in M1. The uptake of glucose and glycolysis (I) is increased in M1, which results in excess pyruvate that is converted to lactate and released from the cell. In the mitochondria, two breaks in the TCA cycle result in the accumulation of citrate and succinate. Accumulation of citrate contributes to three important changes: (1) Citrate is converted to itaconate by the enzyme encoded by Irg1 (II). Itaconate in turn can inhibit both the TCA cycle and the electron transport chain by blocking succinate dehydrogenase (SDH). (2) Citrate is also shuttled out of the mitochondria, where it promotes NO production and fatty acid synthesis (III). (3) Oxidative phosphorylation through the electron transport chain is inhibited, both by itaconate-mediated inhibition of SDH and by increased production of NO (IV). This causes increased levels of succinate, which stabilize hypoxia-inducible factor 1-alpha (HIF1α) and are also released and recycled by the cell. ROS generated by reverse electron transport (RET) over the hyperpolarized mitochondrial membrane also stabilize HIF1α, which in turn results in increased Il-1β expression (V). Figure based on (6).


Fish macrophages show several of the immune functions typically associated with M1 and M2 macrophages, and thus, macrophage polarization may be largely conserved (10–12). For example, M1 macrophages of carp show increased NO production after stimulation with LPS alone (13, 14) or in combination with Ifn-γ (15) and show increased expression of il-1β (10, 14). Zebrafish macrophages show stabilization of Hif1α and il-1β expression following mycobacterial infection (16, 17). M2 macrophages of carp and goldfish show increased arginase activity after stimulation with cAMP or Il-4 (10, 18). The apparent conservation of macrophage polarization led us to hypothesize a conservation of the underlying changes in energy metabolism and immunometabolic reprogramming in fish macrophages. We therefore studied mitochondrial function of M1 and M2 polarized carp macrophages under basal and stressed conditions. We determined oxidative capacity by real-time measurements of oxygen consumption, and we measured glycolytic capacity by measuring lactate-based acidification. Our data provide the first evidence that carp macrophages can use different pathways for energy metabolism associated with macrophage polarization in teleost fish. We discuss the implications of our findings for studying macrophage polarization in exothermic aquatic vertebrates.



MATERIALS AND METHODS


Animals

European common carp (Cyprinus carpio carpio L.) used for experiments were the offspring of a cross between the R3 strain of Polish origin and the R8 strain of Hungarian origin (19). Carp were bred and reared in the aquatic research facility of Wageningen University and Research at 20–23°C in recirculating UV-treated tap water and fed pelleted dry food (Skretting, Nutreco) twice daily. All experiments were performed with the approval of the Animal Experiments Committee of Wageningen University and Research (Ethical Committee documentation number 2017.W-0034).



In vitro Culture and Polarization of Head Kidney–Derived Carp Macrophages

The head kidney in teleost fish is a primary hematopoietic organ and can be considered the functional equivalent of bone marrow (20). Head kidney–derived macrophages (from hereon referred to as macrophages) were obtained as previously described (10). After 6 days of culture at 27°C, macrophages were polarized to M1 or M2 state. In short, macrophages were harvested by gentle scraping after incubation on ice for 15 min. Cells were pelleted at 450 × g for 10 min at 4°C before resuspension in cRPMI+ [RPMI 1640 culture medium with 25 mM HEPES and 2 mM L-glutamine (12-115F, Lonza), supplemented with L-glutamine (2 mM, Gibco), penicillin G (100 U/ml), streptomycin sulfate (100 μg/ml, Gibco) and heat-inactivated pooled carp serum (1.5% v/v)]. Cells were cultured at 27°C in the presence of 5% CO2 in cRPMI+ unless indicated otherwise. Macrophages stimulated for 24 h with 20 or 50 μg/ml LPS (Escherichia coli, L2880, Sigma-Aldrich) were considered M1. Macrophages stimulated for 24 h with 0.5 mg/ml dibutyryl cAMP (N6,2′-O-dibutryladenosine 3′:5′-cyclic monophosphate sodium D0627, Sigma Aldrich, abbreviated as cAMP) were considered M2.



NO Production

NO production for confirmation of functional polarization was determined in culture supernatants of polarized macrophages. In brief, 5 × 105 macrophages per well were seeded in 96-well plates (Corning) in 150 μl of cRPMI+. After polarization, NO production was determined as nitrite in 75 μl culture supernatant as described previously (21) and expressed in μM using a nitrite standard curve.



Arginase Activity

Arginase enzymatic activity for confirmation of functional polarization into M2 was measured in cell lysates and normalized using a ratio of the sample protein content compared to lysate of control cells. A total of 1.5 × 106 cells polarized for 24 h in 450 μl cRPMI+ were lysed in 100 μl of 0.1% Triton X-100. Protein content of the samples was determined using the Bradford protein dye reagent (Bio-Rad) according to the manufacturer's protocol. Arginase activity was measured in 25 μl lysate essentially as described previously for 50 μl lysate (10), but volumes were scaled down accordingly. Arginase activity was determined as the conversion of L-arginine to urea by arginase and expressed in nmol/min/106 cells.



Extracellular Lactate

The release of lactate into the culture supernatant was measured using a lactate colorimetric assay (Kit II K627, BioVision) in filtered samples (Amicon 10K spin column, Z677108-96EA, Sigma-Aldrich) according to the manufacturer's instructions. Briefly, 1.5 × 106 cells were polarized in 450 μl cRPMI+ before culture supernatants from triplicate wells were pooled and filtered. Fifty microliters of 25 × diluted culture supernatant was combined with 50 μl reaction mix in a 96-well plate and incubated for 30 min at room temperature. OD was measured at 450 nm, and the concentration of lactate present in culture supernatants was calculated based on a calibration curve supplied by the manufacturer.



Mito Stress Test

Extracellular flux analysis of polarized macrophages was performed by measuring oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) using a Seahorse XFe96 extracellular flux analyzer (Agilent). We essentially applied the manufacturer's protocol and optimized culture conditions, cell density, and carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) concentrations to measure OCR and ECAR in carp macrophages and adjusted all incubation steps in the protocol to 27°C. For this, the XFe96 analyzer was kept at room temperature and set to 20°C, which would keep the analyzer at a stable 27°C ± 1°C during the complete assay.

To measure OCR and ECAR, culture medium of 1 × 105 macrophages/well-polarized for 24 h in XF96 V3 PS Cell Culture Microplates (Agilent) was replaced with 180 μl non-buffered Seahorse XF base medium supplemented with 10 mM D-glucose (Sigma) and 4 mM L-glutamine (Gibco) at pH 7.4. After incubation without CO2 for 45 min at 27°C, OCR and ECAR were measured at basal level and after subsequent addition of 1.5 μM oligomycin, 0.2 μM FCCP, and 2.5 μM antimycin A/1.25 μM Rotenone/40 μM Hoechst DNA stain (all from Sigma). The standard 20 min equilibration cycle at the beginning of a Seahorse run was replaced by an incubation for 10 min without additional mixing before measurements were started. Measurement cycles consisted of 1 min mixing, 1 min waiting, and 3 min measuring. A minimum of four technical replicates were used for each condition.

To normalize OCR and ECAR measurements, we determined the area covered with Hoechst stained nuclei for each well according the manufacturer's instructions. We subsequently used the ratio for each well-compared to the average of all controls for normalization of the OCR and ECAR data. Images were taken with a Cytation 1 plate reader (BioTek) and analyzed using CellProfiler (Version 3.1.9).



Real-Time Activation of Macrophages

To track glycolysis and oxidative metabolism during activation of macrophages in real time, 1 × 105 macrophages/well were plated in XF96 V3 cell culture plates and cultured overnight. The cell culture medium was replaced with 180 μl Seahorse XF RPMI medium with 10 mM D-glucose and 4 mM L-glutamine (pH 7.4). After incubation without CO2 for 45 min, OCR and ECAR were recorded at basal level and for at least 4 h after addition of 20 or 50 μg/ml LPS, 0.5 mg/ml cAMP, or medium for unstimulated controls as the first injection in the Seahorse run. The standard 20 min equilibration cycle at the beginning of a Seahorse run was replaced by an incubation for 10 min without additional mixing. Measurement cycles consist of 30 s mixing, 1.5 min waiting, and 3 min measuring. A minimum of four technical replicates were used for each condition.



Gene Expression Analysis of irg1

Transcriptome sequencing was performed as described previously (22, 23). After reads were aligned to the latest genome assembly of common carp (BioProject: PRJNA73579) (22), differential gene expression was analyzed using the bioinformatics package DESeq 2.0 (v1.22.2) and R statistical software (3.5.5) (24) as described before (23). Statistical analysis was performed using a paired design with unstimulated cells as control and performed for LPS-stimulated (30 μg/ml) and cAMP-stimulated (0.5 mg/ml) macrophages independently (n = 3 independent cultures for each stimulus).



Statistics

The mean of technical replicates was used for paired statistical analysis of n = 6 biological replicates (NO production, arginase activity, and Mito Stress test), n = 5 biological replicates (lactate assay), or n = 3 biological replicates (gene expression).

Analysis of NO, arginase assays, and lactate assays was performed with a repeated-measures ANOVA followed by Tukey's post hoc tests to determine significant differences between treatments. Normal distributions were confirmed (Shapiro–Wilk test), and in the absence of sphericity (Mauchly's test of sphericity), the Greenhouse–Geisser correction was applied. For Mito Stress test analysis, Friedman's two-way ANOVA by ranks was used followed by Dunn's post hoc tests for the non-normally distributed samples. Statistical analysis was performed using IBM SPSS statistics Version 26 and GraphPad Prism 5. Gene expression analysis was performed using DESeq2 as described above. Differences were considered significant when p < 0.05.




RESULTS


Metabolic Signatures of Polarized Carp Macrophages

Macrophages were confirmed as polarized prior to determining their metabolic pathways. LPS-stimulated M1 macrophages showed increased NO production compared to unstimulated macrophages, while cAMP-stimulated macrophages did not (Figure 2A). cAMP-stimulated M2 macrophages showed increased arginase activity compared to unstimulated macrophages, while LPS-stimulated macrophages did not (Figure 2B).
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FIGURE 2. Polarized macrophages of carp show indications of distinct metabolic profiles. Carp macrophages were left unstimulated (gray, control) or were polarized for 24 h with LPS (red; 20 or 50 μg/ml) or with cyclic AMP (blue; 0.5 mg/ml). (A) Nitric oxide production measured as nitrite concentration (μM). (B) Arginase activity measured as conversion of L-arginine to urea by arginase (nmol/min/106 cells). (C) Lactate concentration (mM). Shown are individual fish (each indicated by a unique symbol) and the mean and standard deviation of n = 6 (A,B) or n = 5 (C) biological replicates. (D) Gene expression of two carp irg1 paralogs [cypCar_00026281 (star) and cypCar_00007903 (diamond)] stimulated for 6 h with 30 μg/ml LPS (red) or with 0.5 μg/ml cAMP (blue) analyzed by DEseq2 after transcriptome sequencing. Gene expression data are shown as log2 fold change compared to unstimulated controls (n = 3 biological replicates). Data (A–C) were analyzed using a repeated-measures ANOVA with Geisser–Greenhouse correction followed by Tukey's post hoc tests. Data (D) were analyzed by DEseq2 as part of a transcriptional study. Differences were considered significant when p < 0.05. Asterisks (*) indicate significant differences between stimulated and control groups or between groups (line with asterisk). Since there were no clear differences between the two concentrations of LPS, experiments were continued with 20 μg/ml LPS.


Metabolic signatures of polarized carp macrophages were examined by measuring extracellular lactate production, expression of irg1, and accumulation of intracellular citrate and succinate. All these parameters were shown to play a role in the metabolic reprogramming of murine M1 macrophages from OXPHOS toward glycolysis. In carp macrophages, increased lactate concentrations were measured in culture supernatants of M1 but not M2 macrophages compared to unstimulated macrophages (Figure 2C). Also, gene expression of irg1 was increased to a much higher extent in M1 than M2 macrophages (Figure 2D). Accumulation of intracellular citrate did not show differences between M1 and M2 macrophages, whereas intracellular succinate could not be quantified because levels were below the detection limit (data not shown). Overall, the combination of increased lactate production and increased irg1 expression indicated that carp M1 macrophages showed a metabolic reprogramming toward glycolysis.



OCR and ECAR of Polarized Carp Macrophages

To study in detail mitochondrial function and oxidative capacity in polarized carp macrophages, we first optimized the Seahorse Mito Stress test for use with carp macrophages at a lower (27°C) temperature. We optimized cell density to 1 × 105 cells/well and found carp macrophages to be particularly sensitive to FCCP with a relatively low optimum concentration of 0.2 μM (tested range 0.1–3 μM). Then, we determined OCR (Figure 3A) as a measure for oxidative metabolism and ECAR (Figure 3B) as a measure for glycolysis. M1 and M2 macrophages did not show clear differences in OCR or ECAR at basal level (time range a). Injection of oligomycin blocks complex V of the ETC and as such inhibits ATP production. Both M1 and M2 macrophages therefore decreased oxygen consumption while increasing extracellular acidification (time range b). Disruption of the mitochondrial membrane potential by injection of FCCP induces maximal oxygen consumption. Indeed, after FCCP injection, M1 and M2 macrophages both increased oxygen consumption, but M1 macrophages clearly showed much lower OCR than control or M2 macrophages (time range c). Finally, injection of antimycin A and rotenone inhibits complex IIV and complex I of the ETC, thereby completely blocking the ETC. M1 and M2 macrophages did not show differences in non-mitochondrial respiration after antimycin A and rotenone were injected (time range d).
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FIGURE 3. Oxygen consumption rates (OCRs) and extracellular acidification rate (ECAR) of polarized carp macrophages. Carp macrophages were left unstimulated (gray, control) or were polarized for 24 h with LPS (red; 20 μg/ml) or with cyclic AMP (blue; 0.5 μg/ml). Graphs display Mito Stress test profiles of (A) OCR and (B) ECAR at basal level (time range a) and after subsequent addition of oligomycin (time range b), carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) (time range c), and antimycin/rotenone (time range d). Normalized rates are shown as mean and SEM of one representative experiment out of n = 6 biological replicates.


Oxygen consumption and extracellular acidification data were used to quantify different metabolic parameters. Basal respiration and ATP-linked respiration (OCR used for ATP synthesis) were not significantly different between control and polarized carp macrophages. However, spare respiratory capacity after injection with FCCP (time range c) was significantly impaired in M1 carp macrophages, which reflected the impaired capacity of M1 macrophages to increase respiration and meet increased energy demands when stressed. Maximal respiration was therefore also significantly reduced in M1 carp macrophages (Figure 4A). In contrast, basal acidification or glycolytic reserve did not change with polarization (Figure 4B), indicating that the above-discussed reduction in oxidative capacity of M1 was not mirrored by an increase in glycolysis. Taking all parameters together, polarized M1 macrophages of carp clearly show a different metabolic profile compared to control and M2 macrophages (Figure 4C).
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FIGURE 4. Metabolic parameters underline differences in oxidative potential between polarized carp macrophages. Carp macrophages were left unstimulated (gray, control) or were polarized for 24 h with LPS (red; 20 μg/ml) or with cyclic AMP (blue; 0.5 mg/ml). (A) Oxidative parameters based on OCR include basal respiration (OCRa–OCRd), oxygen used for ATP synthesis (OCRa–OCRb), maximal respiration (OCRc–OCRd), and spare respiratory capacity (OCRc–OCRa). (B) Glycolytic parameters based on ECAR include basal acidification rate (ECARa) and glycolytic reserve (ECARb–ECARa). (C) Spider plot depicting both oxidative and glycolytic parameters of polarized carp macrophages (mean log2 fold change compared to respective controls). Metabolic parameters were calculated from normalized Mito Stress test profiles of polarized macrophages and based on the mean of three consecutive measurements as indicated in Figure 3 with time periods a, b, c, or d. Normalized rates are shown for individual fish (each indicated by a unique icon) and the mean and SD of n = 6 biological replicates. Differences were considered significant when p < 0.05. Asterisks (*) indicate significant differences between stimulated and control groups.


Although lactate levels were increased in M1 macrophage culture supernatants (see Figure 2C), polarized carp macrophages did not show differences in basal ECAR or in glycolytic reserve after 24 h of polarization (see Figures 3B, 4B). This could indicate that ECAR normalized after 24 h to control ECAR levels and that ECAR peaked at earlier time points than 24 h. We thus performed a preliminary real-time measurement of OCR and ECAR before, during, and immediately after activation of carp macrophages. We observed a rapid, dose-dependent increase in ECAR that remained high for the duration of the experiment, but only in M1 macrophages (LPS stimulation) (Figure 5B). In contrast, M2 macrophages (cAMP stimulation) showed a rapid but very short increase in ECAR which rapidly returned to values below controls. No differences in OCR were observed within this time frame (Figure 5A). These results suggest that M1 carp rapidly increase their basal glycolysis and that this increase is sustained up to 4 h but reverts to basal levels at 24 h.


[image: Figure 5]
FIGURE 5. Real-time measurements of ECAR after activation with LPS or cyclic AMP. Carp macrophages were left unstimulated (gray, control) or were stimulated with LPS (red; 20 μg/ml or 50 μg/ml) or with cyclic AMP (blue; 0.5 mg/ml) by injection after determining basal OCR and ECAR levels. Panels represent real-time measurements of OCR (A) and ECAR (B) for one representative fish out of two. Means of three consecutive OCR and ECAR measurements were normalized to basal level for each well using the mean of three basal measurements before injection of the stimulus. Markers represents the mean and SEM of technical replicates expressed relative to basal rates.





DISCUSSION

Previous studies have shown a general conservation of carp macrophage immune function with respect to their ability to polarize toward a pro- or anti-inflammatory profile in response to conventional M1 or M2 stimuli. These observations led us to hypothesize the occurrence of metabolic reprogramming of polarized macrophages of carp. To study this hypothesis, we determined the oxidative and glycolytic capacity of M1 and M2 carp macrophages by measuring OCRs and ECARs under basal and stressed conditions in real time. Carp M1 macrophages show (i) reduced maximal respiration and (ii) reduced spare respiratory capacity, both indicative of a reduction in oxidative capacity. Furthermore, carp M1 macrophages show (iii) increased lactate production after activation with LPS and a rapid increase in ECAR which is sustained up to 4 h but not 24 h. Finally, carp macrophages show (iv) increased production of NO and (v) increased gene expression of irg1, which encodes an enzyme that converts citrate to itaconate. Itaconate is a metabolite that can inhibit both the TCA cycle and the ETC, thus contributing to reduced oxidative capacity. Overall, carp M1 but not M2 macrophages show reduced oxidative metabolism and increased glycolysis.

To date, immunometabolic reprogramming of polarized macrophages has been demonstrated primarily in mice, where polarized macrophages show opposing pathways for energy metabolism: M2s rely on OXPHOS, whereas M1s are metabolically reprogrammed toward glycolysis. Our results indicate that carp M1 macrophages alter their energy metabolism in a manner similar to what has been described for murine M1 macrophages. On the other hand, carp M2 macrophages did not significantly alter their energy metabolism from control cells. Using real-time measurements similar to the ones applied in the present study for carp, M1 murine macrophages were shown to reprogram their energy metabolism toward glycolysis (25–27).

At basal level, murine M1 macrophages show increased glycolysis and reduced OXPHOS. When pushed toward maximal capacity, murine M1 macrophages show a drastic decrease in maximal respiration and spare respiratory capacity. This metabolic reprogramming appears to be responsible for their inability to repolarize from M1 to M2, as they do not regain their oxidative capacity upon repolarization, whereas M2 can repolarize into M1 macrophages without problems (26). At basal level, carp M1 macrophages did not show the increased glycolysis and reduced OXPHOS observed for murine M1 macrophages. This could be because the initial reprogramming of carp LPS-stimulated macrophages toward glycolysis had already been normalized at the start of our measurements. The absence of differences at basal level could be the result of several differences in experimental circumstances between the studies on macrophages of mouse and carp, among which are the exact origin of macrophages, stimuli, and temperature. However, the absence of a difference at basal level may also suggest that carp M1 macrophages were not terminally differentiated by LPS and could possibly still repolarize from M1 to M2, a hypothesis of interest for future studies. Overall, and similar to what has been observed for murine macrophages, carp M1 macrophages show reduced oxidative capacity when pushed to maximal respiration (Figures 6A,B). Although the absolute difference between polarized M1 and M2 macrophages appears smaller in carp than in mice, the energy metabolism of carp M1 macrophages appears similar to that of murine M1 macrophages.
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FIGURE 6. Schematic representation of metabolic reprogramming of carp M1 macrophages upon stimulation with LPS. Schematics of OCRs for (A) murine bone marrow–derived macrophages [BMDMs; based on (25, 26)] and (B) carp head kidney–derived macrophages (HKDMs; this study). Colors represent control macrophages (gray), polarized M1 macrophages (red), or M2 macrophages (blue). (C) Schematic representation of metabolic reprogramming toward glycolysis in murine macrophages, but modified for carp M1 macrophages. Pathways in black are enhanced and pathways in gray with dashed lines are decreased in murine M1 macrophages. Text in green refers to intermediates with regulation in LPS-stimulated carp macrophages similar to regulation in mice. Text in blue refers to intermediates present in zebrafish but not yet studied in carp. Text in red refers to mechanisms present in carp M1 macrophages but not regulated similarly to those in mice. Figure based on (6). Description: (I) Increased lactate in culture supernatants suggests increased glycolysis. (II) LPS-stimulated macrophages show increased irg1 expression and (III) increased inos gene expression and NO production. (IV) Reduced oxidative capacity suggests inhibition of the ETC to some degree, but the mechanism needs confirmation. Succinate accumulation could not be confirmed at this point. (V) Hif1α stabilization exists under inflammatory conditions and is linked to increased il-1β transcription in zebrafish (16, 17). Increased il-1β expression has been shown in carp (14), but causation has yet to be determined. ROS production occurs in carp macrophages but is low after LPS stimulation (28). Both succinate and ROS can theoretically stabilize Hif-1α, but the mechanisms need to be confirmed for carp.


In this study, we gained important insights into the metabolic pathways used by carp M1 macrophages and compared these to the metabolic pathways described for M1 polarized macrophages of mice (Figure 6C). Carp M1 macrophages increase lactate production and shift toward glycolysis immediately after stimulation with LPS, although the exact kinetics remain to be studied. Although we could not detect differences between M1 and M2 in citrate accumulation, we did detect an upregulation of irg1 expression, which potentially leads to increased itaconate. In mice, both itaconate and NO can contribute to an inhibition of the ETC. Although we can detect increased inos gene expression and increased production of NO in carp M1 macrophages, the contribution of itaconate and/or NO to inhibition of the ETC in carp macrophages remains to be studied. Furthermore, although we previously reported an upregulation of il-1β in macrophages stimulated with LPS (10, 14) and although it is known that Hif1α is stabilized and linked to il-1β expression during mycobacterium infection of zebrafish (16, 17), it remains to be confirmed if Hif1α stabilization is required for il-1β expression in carp. Since we do not generally observe ROS production by carp macrophages in response to LPS (28) and were not able to measure intracellular succinate, it remains to be determined which of the two would contribute to the stabilization of Hif1α. Overall, we provide evidence of clear similarities as well as differences between polarized macrophages of mouse and carp.

Carp M2 macrophages did not show a clear increase in maximal respiration compared to controls. Moreover, differences between basal and maximal capacity appeared to be relatively small when compared to those of mice (26). Again, differences in experimental conditions between the studies on macrophages of mouse and carp, among which are the exact origin of macrophages, stimuli, and temperature, can maybe help explain such differences. However, respiration in carp macrophages may also be regulated within more narrow boundaries than in mice: controlled use of oxygen may be particularly important in animals that breathe under water, where available oxygen levels can be more often critical than in air. Studies into the effect of oxygen availability on cellular energy metabolism, in particular, the metabolic reprogramming of innate immune cells, may therefore be of high interest for aquatic animals. Furthermore, oxygen availability is inversely related to temperature (29), and temperature can also directly influence mitochondrial function. For example, at lower temperatures, composition of the mitochondrial membrane changes to counteract reduced membrane fluidity, which in turn changes the ADP affinity of the mitochondria [reviewed by (30)]. Temperature may thus play an important role in metabolic reprogramming. Carp are ectothermic fish that can be acclimatized to a large temperature range and a large range of oxygen pressures, which makes our model adaptable to study mitochondrial functioning and metabolic reprogramming of innate immune cells under varying environmental conditions.

Our studies confirm the general conservation of carp macrophage immune function with respect to their ability to polarize toward a pro- or anti-inflammatory profile in response to conventional M1 or M2 stimuli, and further studies could refine the extent of this conservation. Our studies also help to improve the understanding of fundamental mechanisms underlying energy metabolism and metabolic reprogramming of immune cells in teleost fish and open a field of comparative immunometabolism for exothermics aquatic vertebrates.
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Phagocytosis is an ancient, highly conserved process in all multicellular organisms, through which the host can protect itself against invading microorganisms and environmental particles, as well as remove self-apoptotic cells/cell debris to maintain tissue homeostasis. In crustacean, phagocytosis by hemocyte has also been well-recognized as a crucial defense mechanism for the host against infectious agents such as bacteria and viruses. In this review, we summarized the current knowledge of hemocyte-mediated phagocytosis, in particular focusing on the related receptors for recognition and internalization of pathogens as well as the downstream signal pathways and intracellular regulators involved in the process of hemocyte phagocytosis. We attempted to gain a deeper understanding of the phagocytic mechanism of different hemocytes and their contribution to the host defense immunity in crustaceans.
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INTRODUCTION

The fundamental theory of phagocytosis was first described by Élie Metchnikoff in 1882, which has been gradually established and well-understood over the past two centuries (1). Phagocytosis currently is described as an endocytic process that endogenous foreign particles or pathogens larger than 0.5 μm were first recognized by phagocyte surface receptor and then uptaken and engulfed into a plasma-membrane device, known as phagosome, following initiation of a signaling cascade to generate phagolysosome by fusion of phagosome with lysosomes. Finally, particles or pathogens within the phagolysosome will be degraded and cleared by the hydrolytic enzymes (2, 3). Phagocytosis has been considered as an essential defense mechanism of immune response to pathogens among eukaryotes, which are also implicated in diverse physiological processes, including development, apoptotic, tissue repair, and host defense (4). Owing to its importance and contributions to the innate and adaptive immune function in relation to human and animal health, phagocytosis still remains of great interests to many scientists.

Nowadays, aquaculture industry has become one of the most important resources for providing the people of the premium animal proteins, and employments over the world, especially in China and many Southeast Asian countries (5). However, the rapid expansion and development of aquaculture industries has been significantly inhibited due to infectious diseases, the key challenge imposed to sustainable aquaculture in China. Particularly, Vibrio bacteria and white spot syndrome virus (WSSV) have been recognized as the main threats among these pathogens in crustacean (6, 7). However, no effective strategies are available so far to control the outbreak of infectious diseases in crustacean aquaculture due to lack of knowledge about host–pathogen interaction, in particular the poor understanding of the host defensing immune function in crustaceans.

During the past few decades, hemocyte-mediated phagocytosis, as one of the most important innate cellular immune function, has also received great attention in crustacean, and a good progress in elucidating the involvement of hemocyte-mediated phagocytosis, as well as its protective roles and mechanisms, against bacterial and viral infections has been achieved. In this review, we summarized the recent progress about phagocytosis of pathogens by hemocyte in crustaceans, in particular focusing on the novel findings about related receptors for recognition and internalization of pathogens as well as the downstream signal pathways and intracellular regulators involved in the process of hemocyte phagocytosis. We attempted to gain a deeper understanding of the phagocytic mechanism of different hemocytes and their contribution to the host defense immunity in crustaceans, which will be beneficial for the establishment of potential effective strategies to control diseases caused by viruses and bacteria in crustacean industries.



BIOLOGICAL CHARACTERISTICS OF HEMOCYTE

Phagocytes occur in many species, with extreme variations in abundance, evolving from the most primitive unicellular organisms, such as amoeba Dictyostelium discoideum, to higher multicellular vertebrates. Phagocytes in higher vertebrates, like mammalian species, have been highly specified into multifarious phagocytic cells, including neutrophils, eosinophils, monocytes/macrophages, dendritic cells, and osteoclasts, and termed as professional phagocytes, whereas others, so-called non-professional phagocytes, mainly include epithelial cells (8). However, regarding invertebrates, such as insects and crustaceans, phagocytes are kindly equivalent to hemocytes, which not only are involved in encapsulation, coagulation, and melanization but also exhibit phagocytic activities (9). Based on limited knowledge on crustacean hemocytes, three distinct types of hemocytes, named as hyaline cells, semigranular cells, and granular cells, have been classified and identified in most of crustaceans mainly based on cell size, nuclear/cytoplasmic (N/C) ratio, and the number of intracellular granules (10, 11). Hyaline cells have been characterized by their smallest cell size, having none or very few cytoplasmic granules, and the highest N/C ratios, while granular cells are the biggest cells with lowest N/C ratios and filled with larger cytoplasmic granules within hemocytes. As for semigranular cells, they are featured as their middle cell size between granular and hyaline cells, with smaller N/C ratios, and contain more cytoplasmic granules, but the number of granules is less than that of granular cells. Further molecular markers have also been proposed in a previous study for distinguishing different hemocytes of signal crayfish Pacifastacus leniusculus, and their results showed the potential application of superoxide dismutase (SOD) and two-domain Kazal proteinase inhibitor (KPI) to differentiate the granular and semigranular cells, respectively; however, more detailed molecular evidences are still required to further confirm their specificity in hemocyte classification (12).

Given its essential role in innate immune system, hemocyte homeostasis is of great importance for the health of crustaceans. Actually, the crustacean hematopoiesis has been well-investigated and described in several species since it was first reported in the early 1800s, such as shore crab Carcinus maenas, the lobster Homarus americanus, and signal crayfish P. leniusculus [an extensive review is made available by Lin and Söderhäll (13)]. For example, a study on signal crayfish P. leniusculus indicated that their hematopoietic tissue (Hpt) contain at least five different cell types corresponding to various developmental stages of granular and semigranular cells (11). Type 1 cells may be the precursor stem cells for the different cell lineages, and type 2 cells may be the precursor of granular and semigranular cells, both of which are the main cell types in Hpt. Types 3 and 4 may be the precursors of granular cells, whereas type 5 cells may lead to differentiating to semigranular cells (13). For the phagocytic capacity of different subpopulation of hemocytes in insects, previous studies demonstrated that plasmatocytes are the main phagocytic hemocytes in Drosophila, while granular cell and plasmatocyte are the main phagocytic hemocytes in Lepidoptera (14). Similarly, different subpopulation of hemocytes in diverse species or even in the same species of crustaceans also exhibited variable phagocytic activities. For instance, the higher phagocytic capacity has been observed in the hyaline cells rather than granular and semigranular cells of C. maenas, Carcinus aestuarii (15), and Eriocheir sinensis (16, 17), while main phagocytic capabilities of granular and semigranular cells were observed in Macrobrachium rosenbergii, Penaeus monodon, and Cherax quadricarinatus (17–20). Higher phagocytic activities were also demonstrated in the semigranular cells of signal crayfish P. leniusculus. In contrast, the phagocytic activity of semigranular cells was weaker than that of granular cells in Scylla paramamosain (15). However, it is noteworthy to mention that different subpopulations of hemocytes seem to exhibit specific preferences in phagocytosis of different bacteria or viruses. For instance, Escherichia coli was mainly ingested and cleared by semigranular and granular cells, whereas WSSV was mostly ingested by semigranular cells in red claw crayfish C. quadricarinatus (20). Although phagocytosis has been found in different subpopulation of hemocytes in distinct species, thus far, it is still very difficult to clearly classify the high amounts of evolutionary diversity of crustaceans. Meanwhile, the differentiating and developmental mechanisms of different subpopulations of hemocytes are also unclear. Therefore, more researches especially focused on fundamental theories still need to better characterize the characteristics of subpopulations of hemocytes and their corresponding phagocytosis in crustaceans.



RECEPTOR OR OPSONIN-MEDIATED PATHOGEN RECOGNITION

In mammals, microorganisms are initially recognized by phagocyte receptors, including Fcγ receptor, complement receptor, fibronectin receptor (α5β1 integrin) and launch phagocytosis (3). Furthermore, the process of phagocytosis can be facilitated once pathogens were coated with opsonins (known as opsonization) because both opsonins and pathogen-associated molecular patterns (PAMPs) on the surface of pathogens are in turn easily recognized by phagocyte receptors. Phagocytosis mediated by hemocytes has been a great contribution to the defense in crustaceans against various pathogens, including Vibrio parahaemolyticus, Vibrio harveyi, Staphylococcus aureus, Aeromonas hydrophila, and WSSV. The receptors on the surface of hemocytes, such as lectins, scavenger receptors, immunoglobulin-related protein, and fibrinogen-related protein, have been reported in relation to phagocytosis for fighting pathogens (21–24). In the following, we summarized and discussed the recent advances on the involvement of related receptors or opsonin of hemocytes and their mediating recognition of pathogens in crustaceans.


Lectins

Lectins are featured by carbohydrate recognition domain (CRD) that consists of ~110–130 amino acids and binds to carbohydrates. So far, many groups of lectins, including C-type, F-type, I-type, L-type, M-type, P-type, R-type, chitinase-like lectins, ficolins, calnexin, galectins, and intelectins, have been identified in crustaceans (21). It has been reported that lectins can act as opsonin or receptors in crustaceans to participate in the phagocytosis of foreign pathogens, including several bacteria and WSSV (21).

The C-type lectins (CTLs) were well-characterized among these lectins and highly conserved in crustaceans, which also acted as receptors to bind and agglutinate bacteria or served as opsonins to promote the phagocytosis of bacteria and viruses. Until now, various CTLs have been found to be implicated in phagocytosis in shrimp, crayfish, and crab, including P. monodon, Litopenaeus vannamei, S. paramamosain, Fenneropenaeus chinensis, and Procambarus clarkii (Table 1). In P. monodon, PmLec was found not only to act as a pattern recognition receptor (PRR) to recognize E. coli through binding with lipopolysaccharide (LPS) but also to function as an opsonin to enhance hemocyte phagocytosis (25). Since then, several lectins have also been identified in L. vannamei, which exhibited distinct levels on phagocytic activity against bacteria (27). For instance, the phagocytic rates against V. parahaemolyticus were decreased to 8.3, 4.5, and 2.5% after silencing the genes of LvCTL5, LvCTLU, and LvLdlrCTL, respectively, in comparison with control groups. It is obvious that the phagocytic activity mediated by LvCTL5 was significantly higher than the other two CTLs. Similarly, both PcLec3 from P. clarkii and SpCTL-B from S. paramamosain could also promote the phagocytic activity of hemocytes against Vibrio anguillarum and V. parahemolyticus, respectively (31, 32). Meanwhile, the expression of phagocytosis-related genes, like SpMyosin, SpRab5, and SpLAMP [lysosomal-associated membrane protein 1-like protein (LAMP)], could be enhanced by SpCTL-B.


Table 1. Phagocytic receptors, ligands, and hemocyte-mediated phagocytosis of pathogens in crustaceans in previous studies.
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Apart from C-type lectins, L-type lectins and galectins, another type of lectin, were also identified as important opsonins to promote phagocytosis against bacteria and viruses in crustaceans. Both MjLTL1 and galectin were found to be able to enhance agglutination activity for bacterial clearance and hemocytes phagocytosis against V. anguillarum in Marsupenaeus japonicus and L. vannamei, respectively (34, 35). However, more types of lectins from various crustacean species and the molecular mechanisms involved in phagocytosis are extremely lacking, which need to be further elucidated for better understanding of lectin-mediated phagocytosis in innate immunity in crustaceans.



Scavenger Receptors

Scavenger receptors (SRs) are transmembrane proteins that can bind to modified low-density lipoproteins (LDLs), a broad range of polyanionic ligands and cell wall components, which play an essential role in physiological or pathological processes, such as intracellular cargo transport and clearance of pathogen and apoptotic cell (43). SRs occur on the surface of professional phagocytes in both mammalian species and invertebrates, which can be divided into nine heterogeneous classes (A–I) on the basis of their structural diversities (22, 39). SRs generally mediate phagocytosis of non-opsonic pathogens through recognizing PAMPs, including LPS and lipoteichoic acid (LTA). More recently, one of the class B scavenger receptors (SR-Bs), designated as SpSR-B, was found to a be functional phagocytic receptor in the mud crab S. paramamosain. The SpSR-B recombinant protein could bind onto the surface of S. cerevisiae, V. parahaemolyticus, V. alginolyticus, A. hydrophila, E. coli, S. aureus, and β streptococcus. Moreover, SpSR-B-mediated phagocytosis could promote the clearance of V. parahaemolyticus and S. aureus. Meanwhile, the expression of phagocytosis-related genes SpLamp, SpRab5, SpArp, and SpMyosin were significantly downregulated when the SpSR-B gene was knocked down in hemocytes (36). Other studies also proved that class B scavenger receptors (SRBs) could bind to S. aureus and enhance the phagocytotic rate to facilitate subsequent microbial clearance in M. japonicus and E. sinensis (39, 40). In E. sinensis, the phagocytic rate for V. parahaemolyticus was decreased from approximately 21 to 15% after silencing of the EsSR-B1 gene, while the phagocytic rate for S. aureus was decreased from ~15 to −7%. All the findings indicated that SRB-mediated phagocytosis of S. aureus, V. anguillarum, or V. parahaemolyticus was very variable with regard to various host species (36, 39).

In addition, the class C scavenger receptors (SR-Cs), similar to that of mammalian class A scavenger receptors (SR-As), specifically recognized LPS of Gram-negative bacteria (22). MjSRC, a class C scavenger receptor characterized from M. japonicus, was found to be able to mediate phagocytosis of WSSV by binding the viral envelope protein VP19 and then restrict viral replication (37). Meanwhile, MjSRC could also act as a phagocytotic receptor for enhancing phagocytosis and restricting bacterial proliferation through recognizing V. anguillarum and S. aureus using its extracellular domains to bind bacterial polysaccharides, such as LPS and LTA (38). Owing to abundant heterogeneous classes of the SRs, it is worthy to further prove whether any other classes of SRs, besides SR-Bs and SR-Cs, are participating in hemocyte phagocytosis in crustaceans against bacterial or viral infection.



Down Syndrome Cell Adhesion Molecule

Owing to the lack of adaptive immune system for invertebrates, it is commonly accepted that the crustaceans are solely dependent on innate immunity for the organisms against microbial infections. However, a highly variable immunoglobulin-related protein, named as Down syndrome cell adhesion molecule (Dscam), has been identified in both insects and crustaceans (24). As an immunoglobulin super family (IgSF) member, Dscam is composed of a cluster of immunoglobulin (Ig) and fibronectin (FN) domains (37). The first arthropod Dscam, which mostly presents in the neural system, fat body cells, hemocytes, and hemolymph serum in D. melanogaster (DmDscam), has been demonstrated as a phagocytic receptor (44). The Drosophila Dscam can generate more than 38,000 distinct extracellular domains by mutually exclusive alternative splicing of exons and potentially act as phagocytic receptors and/or opsonin for the recognition of various pathogens. In addition, the phagocytic activity of hemocytes was significantly decreased if the DmDscam gene expression was silenced in hemocytes (44). Similar to DmDscam, Dscams identified in Anopheles gambiae and Daphnia pulex can generate 31,920 and 13,312 alternatives splicing forms, respectively. After silencing of their Dscam gene in A. gambiae (AgDscam), the phagocytic capacity of the Sua5B cells was suppressed against E. coli and S. aureus. In crustacean, significantly high diversities of Dscam, generated by a variety of alternative splicing form repertoires with combination of three highly hypervariable Ig domain 2, 3, and 7, have been reported in L. vannamei, P. mondon, C. quadricarinatus, and E. sinensis (41, 45–47). For instance, the variable regions of LvDscam located in the Ig2, Ig3, and Ig7 domain could potentially encode at least 8,970 unique isoforms, which are speculated to play active roles in response to a spectrum of pathogens (47).

More recently, the EsDscam identified from Chinese mitten crab (E. sinensis) could potentially produce over 30,600 isoforms, and certain EsDscam isoforms were found to specifically bind with S. aureus, Bacillus subtilis, A. hydrophila, and V. parahaemolyticus, respectively, and then could facilitate efficient clearance of the bacteria through phagocytosis. Further investigations revealed that EsDscam contains two forms: soluble Dscam (Es-sDscam) and membrane-bound Dscam (Es-mDscam). Like an opsonin, coating of Es-sDscam onto specific bacteria, such as S. aureus and V. parahemolyticus, could enhance the phagocytic ingesting of these bacteria, while such promoting phagocytic function was abolished for the truncated recombinant Es-sDscam. With respect to Es-mDscam, it served as a phagocytic receptor for Es-sDscam through interacting with the same isoform of Es-sDscam. In addition, studies have been demonstrated that higher expression level of EsDscam is in parallel to stronger and longer lasting phagocytic capacity of hemocytes in the immune priming E. sinensis with exposure to A. hydrophila (48). However, the underlying molecular mechanism of Dscam-mediated phagocytosis as well as its functioning regulation in response to bacterial and viral infections remain insufficient at present. Importantly, whether arthropod Dscam can serve as an antibody analog during the innate immune response against pathogenic infection, especially when we considered about the biological and functional specificity of a pathogen, if there is, remained to be further studied.



Fibrinogen-Related Proteins

Fibrinogen-related proteins (FREPs, also known as FBNs), containing a highly conserved fibrinogen-related domain (FReD), are one family of the pattern recognition receptors (PRRs) that consist of 53 putative members in A. gambiae, while only 20 known FREP members in D. melanogaster (49). The A. gambiae FREPs family has been proven to play a crucial role in mosquito against bacteria and malaria parasites, in which FREPs could bind with E. coli, Pseudomonas veronii, and Beauveria bassiana. FBN9 can form dimers for binding to the bacterial surfaces with different affinities (23). FREPs have also been reported to play an important role in the innate immunity of crustaceans. For instance, fibrinogen-related proteins were identified from M. japonicus (MjFREP1 and MjFREP2) (19, 42), which exhibited different expression levels in different tissues. Both MjFREP1 and MjFREP2 could bind to V. anguillarum and S. aureus through interaction with LPS and peptidoglycan (PGN). Furthermore, MjFREP2 could recognize the invading bacteria and facilitate bacterial clearance by promoting the phagocytosis of hemocytes. However, the molecular mechanism underlying hemocyte phagocytosis mediated by FREPs still needs further investigations, in consideration to their key roles in innate immunity.




SIGNALING CASCADES INVOLVED IN PHAGOSOME FORMATION AND MATURATION

After coating with opsonin and recognition of the pathogens by related phagocytic receptors, a series of signaling events for initiating phagocytosis will be thereby triggered, and will result in remodeling of the actin cytoskeleton to produce membrane pseudopods for internalizing the pathogen to form phagosome (50). Then, phagosomes gradually fuse with early and late endosomes and eventually fuse with lysosome to generate phagolysosome. Importantly, small GTPases of the Rab family represent a key cluster of molecules that closely related to phagosome formation and maturation by modulating the remodeling of cytoskeleton. Although no direct evidence about phagosome formation and maturation for engulfing and ingesting microorganism was demonstrated in crustacean, to our best knowledge, several important components, mainly small GTPases members such as Rab6, Rab7, RhoA, and Ran, have been reported in some species of shrimp for their involvement in the signaling cascades of the highly conserved processes (51–54). Most of them have also been proven previously to play essential roles in regulating the actin polymerization and dynamic remodeling to form phagosome in vertebrates (51).

Rab7 is a well-known key protein that localizes on the membrane of late endosome and plays a critical role in the phagosome maturation, which has also been found to promote the phagocytosis against S. aureus and V. parahaemolyticus in hemocytes of E. sinensis (55). However, the role of Rab7, as well as the conversion of Rab5 to Rab7, is still poorly understood in crustaceans. Another Rab family member termed as PjRab6, was found to directly interact with β-actin, tropomyosin, and the WSSV envelope protein VP466 for generating a complex to regulate hemocytic phagocytosis in P. japonicus (56). Interestingly, a further study found that viral envelope protein VP466 was employed by the host cell to increase the GTPase activity of PjRab6 to induce rearrangements of the actin cytoskeleton for the formation of actin stress fibers and subsequently promote the phagocytosis against WSSV (57). All findings indicated that phagocytosis is a complicated process, in particular, phagosome formation and maturation, which not only require host factors but also is associated with the utilization of pathogens components. Moreover, as an important member in phagosome formation and maturation, it is not surprising that PjRab6 could also increase the hemocytic phagocytosis against bacteria, such as V. parahaemolyticus, although the regulatory molecular events involved in the phagocytosis of bacteria are still unclear [Figure 1; (54)].
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FIGURE 1. Schematic representation of recognition of pathogens by surface receptors and signaling pathways involved in phagocytosis in crustaceans. C-Lectin, L-Lectin, galectin, SRB, SRC, Dscam, and FREP are selected and modified from previous publications. For more details of all the molecules, please refer to the related references. C-Lectin serves as opsonin or receptor to recognize the invading bacteria and regulate the expression of downstream factor RhoA, which further stimulates the activity of the ROCK2 and Arp2/3 to participate in actin polymerization (51). In addition, Rab6 participates in actin polymerization. Meanwhile, Ran interacts with myosin to participate in actin polymerization. ROCK2, serine/threonine kinase Rho kinase 2; SRC, class C scavenger receptor; SRB, class B scavenger receptor; Dscam, Down syndrome cell adhesion molecule; FREP, fibrinogen-related proteins.


Besides, as one of the Ras GTPase superfamily members, MjRhoA has also been identified in M. japonicus to be able to induce the expression level of phagocytosis-related genes ROCK2 and Arp2/3 as well as to promote the phagocytosis rate against V. anguillarum in hemocytes (51). Both ROCK2 and Arp2/3 were reported to be implicated in the integrin-mediated phagocytosis pathway (51). Previously, a C-type lectin receptor, FcLec4, was found to be able to facilitate phagocytosis and bacterial clearance through binding to its receptor β-integrin in F. chinensis (30). Further study showed that MjRhoA participated in hemocytes phagocytosis against V. anguillarum infection via β-integrin-dependent signaling pathway, which was the downstream factor for β-integrin (51). Ran GTPases, another family of the small G protein superfamily, has also been found to be involved in phagosome formation and maturation in crustacean hemocytes. For example, PjRan, a Ran GTPase identified from P. japonicus, has been proven to modulate hemocytic phagocytosis against WSSV via interaction with the cytoskeleton protein myosin (58). Given the importance and contribution to modulate phagocytosis, researches on exploring more members of the small GTPases family are necessary for understanding the molecular mechanism underlying phagosome formation and maturation against pathogens. Beyond that, the development of phagolysosome also needs to recruit more host components, such as the vacuolar ATPase and NADPH oxidase complex, while various organelles including mitochondria, the endoplasmic reticulum, and Golgi-derived vesicles are also required to make contributions to this complicated physiological process (50). However, extremely poor knowledge is available about that due to limited studies conducted in this field in crustaceans.



OTHER FACTORS INVOLVED IN PHAGOCYTOSIS

Although lots of molecular mechanisms in phagosome formation and maturation have not been well-investigated in crustacean, however, increasing evidence showed that some other factors could also modulate phagocytosis against bacteria. Among them, antimicrobial peptides (AMPs) have been reported as one of the most important components to participate in phagocytosis in crustaceans.

AMPs have been well-characterized as important effectors in the innate immune system in both insect and crustacean, which are mainly expressed in hemocytes and then released into the hemolymph for defensing against a broad spectrum of microorganisms (59). Until now, several types of AMPs, such as penaeidins, antilipopolysaccharide factors, and crustins, have been discovered in crustaceans. Interestingly, in addition to their antimicrobial activity, some AMPs also seem to participate in the phagocytosis of pathogens during microbial infection in shrimp.

Penaeidins are one family of antimicrobial peptides that consist of proline-rich N-terminals and a C-terminal cysteine-rich region (60). To date, ~40 penaeidins have been identified in shrimp, which belong to five types based on their similarity of amino acid sequences. Recently, a penaeidin with an additional serine-rich region (MjPen-II) from M. japonicus showed not only antimicrobial but also phagocytic activity (61). The rate of phagocytosis was significantly decreased after the MjPen-II gene was silenced, while compensation with injection of MjPen-II recombinant protein in vivo could increase the phagocytic activity. Further study showed that MjPen-II could eliminate bacteria through directly inhibiting bacterial growth as well as promoting phagocytosis.

Crustins are another type of antibacterial peptides that contain a single whey acidic protein domain at the C-terminus. In shrimp, two isoforms of crustins, including MjCru I-1 and crustin-like peptide, have been characterized to be associated with phagocytosis, which were increased in hemocytes after challenge with bacteria (62). Meanwhile, both of them exhibited binding activity to bacteria followed by the increased phagocytosis of hemocyte. In addition, the phagocytic rate of WSSV was significantly decreased when the crustin-like gene was knocked down in shrimp hemocytes, whereas the phagocytic rate of V. alginolyticus was increased in hemocytes, exhibiting different biological effect against microorganisms (62). However, the underlying regulatory molecular mechanism of AMP-mediated phagocytosis is still extremely limited, which is worthy of further investigations.

Except AMPs, some other molecules have also been reported to regulate phagocytosis of invading pathogens in crustaceans. For instance, the recombinant phagocytosis-activating protein (PAP) was shown to significantly promote the phagocytic activity of hemocytes in P. monodon (63). Two neuroendocrine factors, crustacean hyperglycemic hormone (CHH) and dopamine, were also found to participate in phagocytosis in L. vannamei hemocytes. CHH exhibited regulating capacity on phagocytosis through activating nuclear factor kappa B (NF-κB) signaling pathway family members and phagocytosis-related proteins, while dopamine acted as a phagocytosis-related factor to inhibit phagocytosis (64, 65). Except for proteins, some microRNAs (miRNAs) have also been found to play critical roles in regulating phagocytosis process in crustaceans. In hemocytes of M. japonicus, miR-1 has been found to negatively regulate the phagocytic activity through interaction with the 3′ untranslated region (UTR) of clathrin heavy chain 1 (CLTC1) gene (66). Moreover, miR-12 and miR-965 were also found to be able to enhance the phagocytosis of WSSV via direct targeting phosphatase and tensin homolog (PTEN) and viral gene wsv240, respectively (67, 68), while another miR-100 could promote the antibacterial and antiviral immune response but through regulating the total hemocyte count and phagocytosis in M. japonicus (69). In addition, the shrimp-specific miR-S5 acted as a regulator on hemocyte phagocytic progress via negatively regulating myosin expression (70). Taken together, miRNAs act as regulator involved in antibacterial or antiviral immune responses through direct targeting viral genes or cytoskeleton-related genes accordingly. However, the specific regulatory mechanism of miRNA involved in phagocytosis against pathogens needs to be further studied.



CONCLUSION AND FUTURE PERSPECTIVE

Although several cellular surface receptors/opsonin and intracellular regulator for mediating phagocytosis against bacteria and viruses have been reported in hemocytes from multiple species of crustaceans, limited studies make it extremely unclear until now about the molecular mechanism of recognition of pathogens and the downstream signaling events, in particular those in relation to phagosome formation and maturation, as well as microbe destruction in crustaceans. Future research will be focused on the following fundamental questions in relation to the above concerns. For instance, besides the three described types of hemocytes involved in the phagocytosis in crustaceans, are there any other phagocytic cells types present in crustaceans and additional surface receptors involved in pathogen recognition? What are the regulatory mechanisms for various phagocytic receptors located on hemocytes to cooperate with each other during phagocytosis of different microorganisms? More importantly, are the processes of phagosome formation and maturation in crustaceans similar to that in vertebrates? Last but not least, how does the cooperation occur among various intracellular regulators to mediate phagocytosis, and are there other novel signaling pathways involved in the regulation on hemocyte-mediated phagocytosis? Successfully addressing these important questions will pave avenues to deeper understanding of phagocytosis against microbial infection in crustaceans, in which the fundamental mechanism of phagocytosis in crustacean will benefit the establishment of more efficient control strategies against disease in crustacean farming.
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Invertebrates generally lack adaptive immunity and compensate for this with highly efficient innate immune machineries such as phagocytosis by hemocytes to eradicate invading pathogens. However, how extrinsically cued hemocytes marshal internal signals to accomplish phagocytosis is not yet fully understood. To this end, we established a facile magnetic cell sorting method to enrich professional phagocytes from hemocytes of the Hong Kong oyster (Crassostrea hongkongensis), an ecologically and commercially valuable marine invertebrate. Transcriptomic analysis on presorted cells shows that phagocytes maintain a remarkable array of differentially expressed genes that distinguish them from non-phagocytes, including 352 significantly upregulated genes and 479 downregulated genes. Pathway annotations reveal that focal adhesion and extracellular matrix–receptor interactions were the most conspicuously enriched pathways in phagocytes. Phagocytosis rate dramatically declined in the presence of an FAK inhibitor, confirming importance of the focal adhesion pathway in regulating phagocytosis. In addition, we also found that heparan sulfate proteoglycan (HSPG) families were lineage-specifically expanded in C. hongkongensis and abundantly expressed in phagocytes. Efficiency of phagocytosis and hemocytes aggregation was markedly reduced upon blockage of endogenous synthesis of HSPGs, thus implicating these proteins as key surface receptors in pathogen recognition and initiation of phagocytosis.

Keywords: phagocytes, heparan sulfate proteoglycans (HSPGs), focal adhesion kinase (FAK), transcriptome, Crassostrea hongkongensis


INTRODUCTION

Phagocytes are crucial executors in innate host defense against invading microbial pathogens, including bacteria and fungi (1, 2). In mammals, neutrophils and macrophage constitute the bulk of these frontline defenders mediating diverse immunological processes including recognition, engulfment, and elimination of microbes (3–5). Impairment of phagocytic functions is often associated with microbial infections and could bring adverse consequences to pathogen replication, immune evasion, and host mortality (6). In teleosts, B lymphocytes were demonstrated to possess potent phagocytic and bactericidal capacities, implying incomplete hemocytopoiesis in the lower vertebrates (7, 8). In contrast, invertebrates have a simple but robust innate immune system to cope with dynamically evolving immune challenges (9, 10). Emerging evidences suggest that circulating hemocytes are indispensable to innate immune response, nutrition, wound healing, detoxification, and even shell mineralization (11, 12). Essentially, surveillance and elimination of pathogens depend heavily on phagocytic capacities of hemocytes, whose efficiency in containing and killing pathogens is intimately tied to disease resistance of individual hosts (13).

Over the past decade, substantial progress has been made on the molecular mechanisms underlying aspects of phagocyte immunity, such as pathogen recognition, phagocytic degradation, and immune evasion in mammals (14, 15
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“NA” indicates no data; “YES" indicates that the cells have the function; “Little” indicates there is little phagocytosis of B cells.

Species
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Ietalurus punctatus
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Danio rerio

Danio rerio

Cyclopterus lumpus L.
Oncorhynchus mykiss
Oncorhynchus mykiss
Oncorhynchus mykiss
Oncorhynchus mykiss
Oncorhynchus mykiss
Cynoglossus semilavis
Scophthalmus maximus
Paralichthys olivaceus
Oncorhynchus mykiss
Oreochromis niloticus
Oncorhynchus mykiss
Oncorhynchus mykiss
Paralichthys olivaceus
Paralichthys olivaceus
Larimichthys crocea

B-cell
subsets

IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM*
IgM°
IgM*
IgM*
IgM*
IgM*
IgM*

and IgT+

and IgT+

and g™

Phagooytic
ability
YES
YES
YES
YES
YES
Little
YES
YES
YES
YES
YES
YES
YES
YES
YSE
YES
NA
YES
YES
YES
YES
YES
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Microbicidal
ability
YES
YES
YES
NA
NA
Little
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NA
NA
YES
NA
YES
NA
NA
NA
YES
NA
YES
YES
YES
YES
YES
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ability
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NA
NA
NA
NA
YES
NA
YES
YES
NA
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Name of
Primers

dsHELT-F

dsHELT-R

dsTranF-F

dsTranF-R

dsEIK3-F

dsEk3-R

g-actin F
p-actin R
qHELT-F
qHELTR
EKS-F
qEK3-R
qTranF-F
qTranF-R
qRab11-F
qRab11-R
qCD63-F
qCDB3-R
qRhot-F
Rhot-R
qLAMP-F
qLAMP-R
qSOD-F
qSOD-R
qFertint-F
aFeritin1-R
qFeritin2-F
qFerritin2-R
aNds-F
aNds-R
qCdca2-F
qCdcd2-R
qCded2i-F
qCded2-R
qOYTB-F
qCYTB-R

Sequence (5-3)

GGATCCTAATACGACTCACTATAGGTAGTGAATGG 1%
TTCGGAC

GGATCCTAATACGACTCACTATAGGAGAATAAGCCGGT
GAAAGGA

GGATCCTAATACGACTCACTATAGGCAAACCGCCTTATTA
TTGAAAC

GGATCCTAATACGACTCACTATAGGAAGAGGAGGGTCCG
TTAGTG

GGATCCTAATACGACTCACTATAGGGGACACCAATGTGA
CGCTAT

GGATCCTAATACGACTCACTATAGGAGGGCAGATGCTT
CAGTTTT

AAGATATTGCAGCTTTAGTCGT
TTCTGTCCCATACCAACCAT
GAGCAGACTTCACACAAGATCA
CTATTTTCAAAGCGTAAACCAA
AATGCCATCGCCTCCTCTTC
ATGGAGACTTTCGGACTTGGA
ACCCGCACCACCATCCTC
AGATTTGTGGGCACCGACTG
GGAAACAGGCAAAGGCAAGA
AATGACGAGTCCAGCAAGGG
TTAGAAATCTCGGCGGGAATA
GACACTCCACAACATTTGAACTCTT
GGAACCAGTCAAATCGCAAGA
GAGCTGCCCTAGTGGCTGTT
TCTAGAACTGATATTATGTA
AATGTTTTCATTGTGCATTA
TACGAAAACTCCATGCATT
TTCATTATGGTACAGTT
AACGGGAACATGCTGAA
TTGCTCCTCCAAGTAGT
AGTTGATGAAATACCAGA
TCAGAAATCTCCTTGAT
CAATAAAGACGTAACTTTT
TGGATGGGATAGTTACAAAT
GACACGGCTGGAAAGGAGG
TAAATGGCGTGTTTGGCACA
GTGGAGAAGTTCTGGGTCAATGA
CTATCCCGTCGCCCGTTTT
AGGGCTTAGCCTAGCTCACGT
CGCCAACAGCAATGCAAAC
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Gene name (symbol) (GenBank ace. no.)

interleukin 1 beta (i- 1) (AY617117)
interleukin 8 (1-6) (BT046706)

tumor necrosis factor alpha (tnf-a) (AY929386)
leukooyte cell derived chemotaxin 2 (lect-2) (BT059281)
toll-like receptor 5 (soluble) (stI5) (AY628755)

3B-actin (actb) (BGI33897)

2608 ribosomal protein L32 (1pI32) (BT043656)

©185 (185)

belongation factor 1 alpha (EF-Ta) (AF321836)

Phypoxanthine phosphoribosyl transferase 1 (HPRT) (EG866745)

Normalizers used in experimental qPCR analyses.
bCandidate normalizer genes.

Nucleotide sequence (5'-3')

F: GTATCCCATCACCCCATCAC

R: TTGAGCAGGTCCTTGTCCTT

F: GAAAGCAGACGAATTGGTAGAC
R: GCTGTTGCTCAGAGTTGCAAT
F: GGATGGAATGGAGCATCAGC
R: TGCACGGTGTTAGCGGTAAG

F: CAGATGGGGACAAGGACACT
R: GCCTTCTTCGGGTCTGTGTA

F: ATCGCCCTGCAGATTTTATG

R: GAGCCCTCAGCGAGTTAAAG

F: CCAAAGCCAACAGGGAGAAG
R: AGGGACAACACTGCCTGGAT
F: AGGCGGTTTAAGGGTCAGAT
R: TCGAGCTCCTTGATGTTGTG

F: GTCCGGGAAACCAAAGTC

R: TTGAGTCAAATTAAGCCGCA

F: TGGCACTTTCACTGCTCAAG

R: CAACAATAGCAGCGTCTCCA

F: CCGCCTCAAGAGCTACTGTAAT
R: GTCTGGAACCTCAAACCCTATG

*Efficiency (%)

99.7

100.7

106.4

101.1

94.1

104.4

100.7

91.0

96.3

94.7

Amplicon size (bp)  References

19 This study
99 This study
141 (39)
150 ©9)
103 (39)
o1 (46)
19 (46)
Not provided 7)
197 39
265 (“8)

Amplification efficiencies were calculated using a 7-point 1:3 dilution series starting with cDNA representing 40 ng of input total RNA. See methods for details.
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Primer name

Clone primers
Oligo(dT)-adaptor

™

CgCDB3H-F
CgCDE3H-R

RT-PCR primers
CoEFi-a-rtF
CgEF1-a-nR
CgODB3H-rtF
CgCDB3H-1R
Recombination primes.
CgCDB3H-exF
CgCDB3H-exR

Sequence (5-3)

GGCCACGCGTCGACTAGTACT 7
GTAATACGACTCACTATAGGGC
ATGGGGTGTCGGGGTACC
AGTGAATGCGGTGGGTAAG

AGTCACCAAGGCTGCACAGAAAG
TCCGACGTATTTCTTTGCGATGT
GCTGGAATGCTGTGGAGGA
ACATCTGGCAGGTCTGGTAGT

CGGGGTACCGGTGGAGTACGATGCCTTAG
ATAAGAATGCGGCCGCAGTGAATGCGGTGGGTAAG
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Transition Description

rate

Phagocytosis by monocytes
Phagocytosis by heterophils
Intracellutar kiling of pathogens by
monocytes

Intracellutar kiling of pathogens by
heterophils

Extralluar kiling by antimicrobial
proteins that were released by
first-time phagocytosis by
heterophils. The rate depends on
the activty of antimicrobial proteins
(%Ex) and the decay of their activity
() as defined in Hinniger et al. (17)
and Lehnert et al. (28)

Acquire immune evasion against
phagocytosis and/ or

extracellular kiling

Killng of heterophils by stress
Killing of monocytes by extracelular
mechanisms that are pathogen
dependent

Killng of heterophils by
mechanisms that are not cellularly
induced but pathogen dependent
Proliferation rate of bacteria

Formation of fungal hyphae in
extracellular space
Extracellular kiling by constant
concentration of antimicrobials
Killing of monocytes by
pathogen-induced lysis

Killing of heterophils by
pathogen-induced lysis

State transition

Mij+ Pag = Mis1j
Hej + Pag — Heis1j
Mij = Miz1js1

Heij — Hei-1j+1

Pac — Pre
Pay = Pury

Pre = Pag
Pie > Pre

Heij — iPag +jPre
Myj = iPag +jPre

Heij — iPag +jPxe

Pag — 2Pae
Mij = My
Heij — Hers1;

Pre > Pry

Pae — Pue

Pasyy > Prry

Fungal SBM:

Mij = Pry + i — 1) Pag +jPxe
Bacterial SBM:

My — iPag +jPre

Heij — Pry+ G — 1) Pag +jPxe
Hejj — iPag +jPre
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Parameter name

Total dissolved
solids

Chloride
Ph

Akalinity (CaC03,
Bicarb)

Nitrates

Suffates

Iron

Calcium

Copper
Magnesium
Manganese
Sodium

Zinc

Total Penta CCD*

Octa COD*

Fecal coliforms

“chloro-dlibenzo-p-dioxin.
World health organization (35).
*European Commisision’s Scientific Committee on Food (36).

Units

ppm

ppm
pH
ppm

ppm
ppm
ppm
ppm
ppm
ppm

CFU

Results
(raw)

970

23
8.40
570

<0.01
220
0.08
6.6
0.0034
0.93
0.015

0.0061
154

57

Results
(tap)

230

6.5
8.03
170

0.32
77
<0.06
46
0.42
13
<0.0040
17
0.034
N/A

N/A

Max. acceptable
concentration

1000

200
7.0-105
300

25
200
03
60
06
126
005
150
15
o
2.3"py/Kg/day
o
2.3"py/Kg/day
0
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Gene

Interleukin 2

Interleukin 8

Tumoral necrosis factor alpha

Interleukin 1 beta

Transforming growth factor beta

Inducible nitric oxide synthase

Ribosomal 28 subunit

Actin beta

Primer name

-2

IL-8

TNF-a

1L-1p

TGF-p

i-NOS

ACTB

Sense

Sequence

ACCGGAAGTGAATGCAAGAT
AGTGGTCCCAGAATGGACAG
GGCTTGCTAGGGGAAATGA
AGCTGACTCTGACTAGGAAACTGT
GTTGACTTGGCTGTCGTGTG
TCAGAGCATCAACGCAAAAG
AGGTCAACATCGCCACCTAC
ACGAGATGGAAACCAGCAAC
CGACCTCGACACCGACTACT
CCACTTCCACTGCAGATCCT
CTGTCACAGGCCTTGACATATT
CAGTCTCTGTTTGTCTCCTTCC
GGCGAAGCCAGAGGAAACT
GACGACCGATTTGCACGTC
CCAGACATCAGGGTGTGATGG
CTCCATATCATCCCAGTTGGTGA

Accession number

AF000631
AF000831
'AJO09800
'AJO09800
AY765397.1
AY765397.1
NM_204524.1
NM_204524.1
NM_001318456.1
NM_001318456.1
D85422.1
D85422.1
FM165415
FM165415
AJ719605
AJ719605
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Chemokine Human

receptor

CXCR1
(L8RA)

CXCR2
(L8RB)

CXCR3

CXCR4
(fusin)

CCR2

ACKR3
(CXCR7)

CXCR1

CXCR2

CXCRBA
CXCR3B

CXCR4

CCR2

ACKR3

Ligands

CXCLS, 8 (IL-8)

CXCL1 (NAP3), 2
(MIP2 alpha), 3

(MIP2 beta), 5, 6,
7 (PPBP), 8 (L-8)

CXCL4-B (PF4-B),
9-A/B (MIG-A/B),

10-A/B (IP-10A/8)
11A/8 (-TAC-A/B)

CXCL12 (SDF1)

CCL2 (MCP1)

CXCL11 (-TAC)
CXCL12 (SDF1)

Zebrafish Ligands

Cxert Cxcia (CxelBL1)
(I8ra) Cxclgbt, 3
(CxolBL2.1,03)
Cxer2 CxclBa (CxelBL1)
(I18rb) Cxclgb.1,02.3
(CxclBL2.1-03)
Cxcl18b

OxerB.1.2,  Cxelti-lke

3 chemokines aa,
ac, ad, ae, af
andag

Cxerda Cxel12b
Cxerdb  Oxcli2a

Cor2 Cel2 (mept)

Ackb  Cxcli2a
(Cxcr7arb)

embryonic Cancer
development progression

Neutrophil
recruitment
(15, 45).
Sustained
inflammation
(15, 45-48).
Tumor growth
(45-47, 49).
Tumor expansion
(45, 47, 49).
Chronic
inflammation
(45, 47, 49).

Cell proliferation
Cell survival
Tumor expansion
Angiostatic effect

Cxerda: guidance  Macrophage and

of mutticellular neutrophil
vessel gowthand  recruitment
coordination of (45,46, 67, 68).
gastrulation Tumor
movements. angiogenesis
(60, 61). Tumor

Cxerdb: dissemination
progenitor germ (67, 68).

cells (PGCs)

(6,31, 62-66).

Scavenges Tumor
Cxcli2atoshape  angiogenesis
chemokine Chemotaxis (74).
gradients

(6,36, 65, 66, 73).

Wound-induced
inflammation

Neutrophil
recruitment,
pro-inflammatory
function (45, 47)

Neutrophil reverse
migration,
anti-inflammatory
function

(45,50, 51).
Oxer3.2 recrits
macrophages and
neutrophils to
injury

(47,50, 56, 57).
Oxclttaaisa
pro-inflammatory
marker (M1)

(68, 59).

Neutrophil
recruitment and
retention at the
wounding site.
Pro-
inflammatory (69).

Macrophage
recruitment

(63, 70).
Cer2isan
anti-inflammatory
marker (M2)
71,72

Pathogen-driven
inflammation

Neutrophil
recruitment and
bacterial clearance
(51-65)

Cxer3.2:
macrophage
recruitment and
motiity

(50, 56, 57),
neutrophil
recruitment
(56,57).

Cxer3.3: ligand
scavenger, a
regulator of
Cxer3.2

function (50).
Neutrophil
recruitment
Bacterial

clearance (55).
Granuloma
vascularization (52)