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DM9 refers to an uncharacterized protein domain that is originally discovered in Drosophila melanogaster. Two proteins with DM9 repeats have been recently identified from Pacific oyster Crassostrea gigas as mannose-specific binding pattern-recognition receptors (PRRs). In the present study, a novel member of DM9 domain containing protein (designated as CgDM9CP-4) was identified from C. gigas. CgDM9CP-4, about 16 kDa with only two tandem DM9 domains, was highly enriched in hemocytes and gill. The transcripts level of CgDM9CP-4 in circulating hemocytes were decreased after LPS, PGN and Vibrio splendidus stimulations. The recombinant protein of CgDM9CP-4 (rCgDM9CP-4) displayed a broad binding spectrum towards various pathogen-associated molecular patterns (PAMPs) (LPS, PGN, β-glucan and Mannose) and microorganisms (Staphylococcus aureus, Micrococcus luteus, V. splendidus, V. anguillarum, Escherichia coli, Pichia pastoris and Yarrowia lipolytica). CgDM9CP-4 was mostly expressed in gill and some of the hemocytes. Flow cytometry analysis demonstrated that the CgDM9CP-4-positive hemocytes accounted for 7.3% of the total hemocytes, and they were small in size and less in granularity. CgDM9CP-4 was highly expressed in non-phagocytes (~82% of total hemocytes). The reactive oxygen species (ROS) and the expression levels of cytokines in CgDM9CP-4-positive hemocytes were much lower than that in CgDM9CP-4-negative hemocytes. The mRNA expression level of CgDM9CP-4 in hemocytes was decreased after RNAi of hematopoietic-related factors (CgGATA, CgRunt, CgSCL, and CgNotch). In addition, CgDM9CP-4-positive cells were found to be much more abundant in hemocytes from gill than that from hemolymph, with most of them located in the gill filament. All these results suggested that CgDM9CP-4 was a novel member of PRR that expressed in undifferentiated pro-hemocytes to mediate immune recognition of pathogens.
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Introduction

Innate immunity is the first line for organism to defense against infections (1, 2). Pattern recognition between the PRRs and the PAMPs is the most crucial step for innate immune response (3). PRRs, such as Lectins, peptidoglycan recognition proteins (PGRPs), gram-negative binding proteins (GNBPs), galectins, thioester-containing proteins (TEPs), scavenger receptors (SRs) and Toll-like receptors (TLRs) are germline-encoded receptors that recognize the conserved PAMPs such as lipopolysaccharides (LPS), peptidoglycan (PGN), glucans, and nucleic acid (4, 5). In invertebrate, an increasing number of PRRs have been characterized with different binding specificity and functions (6). They can serve as opsonins (7, 8), receptors (9, 10) and initiators (11) to facilitate phagocytosis, transduce immune signals and induce clotting and melanization, or involve in other protein modification cascades implicated in different immune reactions (12).

PRRs on the surface of cells are linked with the specific functions of different types of cells and they are widely used in cell typing (13). In mammals, different immunophenotypings of blood cells can be distinguished in terms of cell surface receptors (14). For instance, CD14, which is a specific receptor for LPS, has been employed as a useful marker molecule for monocytes and macrophages (15, 16). There are a variety of lectins expressed on the surface of macrophages, which are corresponding to the differentiation states of the cells (17, 18). In Drosophila melanogaster, different marker proteins have been identified from subpopulations of hemocytes (19, 20). Signature proteins for hematopoietic tissue (HPT) cells, semigranular cells (SGC) and granular cells (GC) have also been characterized from crayfish (21). Even though the hematopoietic stem cells have been identified in oyster gill and the hemocytes have been characterized and classified into Agranulocytes, SGC and GC according to the morphological features (22–24), the cell surface markers for hemocytes classification are still very limited in C. gigas.

The DM9 domain is firstly identified from D. melanogaster with unknown function (25). Proteins with DM9 domain are mainly found in Arthropods and Platyhelminthes and only occasionally in other eukaryotes or prokaryotes (26). Increasing number of DM9 domain containing proteins (DM9CPs) have been discovered in both vertebrates and invertebrates serving as important participators in the immune response (27, 28). DM9CPs are previously named as Natterin because DM9 domain was characterized from the venom of Thalassophryne nattereri fish as a new class of proteins with kininogenase activity (29). However, the kininogenase activity of Natterin proteins is mediated by the C-terminal pore-forming toxin-like domain rather than DM9 domain (30). In C. gigas, the first DM9-only protein with two tandem DM9 domains is found to be abundant in hemolymph and served as a powerfully mannose binding PRR (31, 32). CgDM9CP-2 with two tandem DM9 domains also participates in the antimicrobial activity as a mannose binding PRR (33). All these evidences emphasize the important role of DM9CPs in mollusk immunity.

The Pacific oyster C. gigas is one of dominant aquaculture bivalves worldwide. However, the frequent outbreaks of disease caused by bacterial pathogen cause significant loss of regular production and the economic viability of the industry. Thus, it is of vital importance to study the innate immune system of the oyster. In the present study, a new DM9 domain containing protein (CgDM9CP-4) with two tandem DM9 domains was identified from C. gigas with high sequence similarity with CgDM9CP-1 and CgDM9CP-2 (34). Objectives of the present study were to (1) detect the distribution of CgDM9CP-4 in tissues and hemocytes, as well as the temporal expression profiles in hemocytes post various immune challenges, (2) determine its pathogen recognition activity and specific function in hemocytes, and (3) further cognize the involvement of DM9CPs in maturation and differentiation of mollusk hemocytes.



Materials and Methods


Oyster, Bacterial Challenge and Tissue Collection

Adult pacific oysters C. gigas, about two years old (average shell length of 13.0 cm), were collected from a commercial farm in Qingdao, Shandong Province, China, and cultured in filtered aerated seawater at 18°C for a week before processing.

Different tissues, including gonad, muscle, mantle, gill, and hepatopancreas, were obtained from six adult oysters as parallel samples. Hemolymph from the oysters was collected and immediately centrifuged at 800 × g, 4°C for 10 min to harvest the hemocytes. All these samples were stored at -80°C using Trizol reagent (Invitrogen) for subsequent RNA extraction.

After the acclimatization, two hundred oysters were randomly divided into five groups with forty individuals in each group and kept in aerated tanks. Each oyster in the four treated groups received an injection of 100 μL live V. splendidus in sterile sea water suspension (1×109 CFU mL-1), 100 μL LPS from E. coli 0111:B4 (Sigma-Aldrich, 0.5 mg mL-1 in sterile sea water), 100 μL of PGN from S. aureus (Sigma-Aldrich, 0.8 mg mL-1 in sterile sea water), sterile sea water, respectively. The untreated oysters were employed as blank group. After treatment, the oysters were returned to water tanks and six individuals from each group were randomly sampled at 3, 6, 9, 12, 24, and 96 h post-injection, respectively. The hemolymph was collected from the oyster and centrifuged at 800 × g, 4°C for 10 min to harvest the hemocytes. All these samples were stored at -80°C using Trizol reagent for subsequent RNA extraction. The gills were also collected from the V. splendidus and sterile sea water stimulated oysters at 0, 3, 6, 9, 12, and 24 h for subsequent RNA extraction.



RNA Isolation and cDNA Synthesis

Total RNA was extracted from samples using Trizol reagent. First-strand cDNA synthesis was carried out based on Promega M-MLV RT Usage information using the DNase I (Promega)-treated total RNA as template and oligo (dT)-adaptor (Supplementary Table 1). The synthesis reaction was performed at 42°C for 1 h, terminated by heating at 95°C for 5 min. The cDNA mix was diluted to 1:50 and stored at −80°C for subsequent gene cloning and SYBR Green fluorescent quantitative real-time PCR (qRT-PCR).



Cloning and Sequence Analysis of Full-Length cDNA

Sequence information of CgDM9CP-4 (JH818057, EKC17431.1) was retrieved from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). A pair of gene specific primers, P1 and P2 (Supplementary Table 1), were designed to amplify the full-length cDNA sequence of CgDM9CP-4. The PCR product was gel-purified, cloned into the pMD 19-T simple vector (TaKaRa), and sequenced by sequencing primers (Supplementary Table 1).

The EditSeq module of DNAStar Laser gene software suite 11.0.0 was used to analyze the deduced amino acid sequence of CgDM9CP-4. The protein motif feature of CgDM9CP-4 was predicted by Simple Modular Architecture Research Tool (SMART) 7.0 (http://smart.embl-heidelberg.de/). ClustalW multiple alignment program 1.81 and multiple alignment show program 2.0 (http://www.bioinformatics.org/sms2/) were used to perform the multiple sequence alignment of DM9 domain containing proteins.



Real-Time PCR Analysis of CgDM9CP-4 mRNA Expression

CgDM9CP-4 mRNA transcripts were detected by SYBR Green fluorescent qRT-PCR. Two gene specific primers for CgDM9CP-4, P3 and P4 (Supplementary Table 1), were used to amplify a fragment of 134 bp. The 162 bp long fragment of oyster Elongation Factor 1 alpha (EF1-a, GeneBank: AB122066), amplified with primers P5 and P6 (Supplementary Table 1), was chosen as internal reference. A standard curve was made to detect the efficiencies of the primers. The slope of the regression between the log values and the average Ct values were used to o calculate primer efficiency values as: [10^(−1/The Slope Value) −1]*100. The efficiencies of CgDM9CP-4 and oyster EF were 95% and 98%, respectively.

The SYBR Green qRT-PCR assay was carried out in an ABI PRISM 7500 Sequence Detection System (Applied Biosystems) according to the manual. Dissociation curve analysis of amplification products was performed at the end of each PCR to confirm that only one PCR product was amplified and detected. The relative expression of CgDM9CP-4 was analyzed by the 2-ΔΔCT method. All the data were analyzed by using the SDS 2.0 software (Applied Biosystems) and given in terms of relative mRNA expressed as mean ± SD (N = 4).



Prokaryotic Expression and Purification of the Recombinant CgDM9CP-4

The completed cDNA fragment of CgDM9CP-4 was amplified with the primers P7 and P8 (Supplementary Table 1) with NdeI and XholI (NEB) cleavage site sequences added to the 5’ end, respectively. The PCR fragment was digested by restriction enzymes NdeI and XholI, and ligated into the same restriction enzymes sites of expression vector pET-30a (Novagen). The recombinant plasmid (pET-30a-CgDM9CP-4) was transformed into E. coli Transetta (DE3) (TransGen). The positive transformants were incubated in LB medium containing 50 μg mL-1 kanamycin at 37°C with shaking at 220 rpm for 4 h. When the culture mediums reached OD600 of 0.5–0.7, IPTG was added to the LB medium at a final concentration of 1 mmol L-1, and incubated at 16°C with shaking at 180 rpm for 20 h. The bacterial culture was sonicated and centrifuged to get the supernatant containing soluble target protein. The recombinant protein of CgDM9CP-4 (rCgDM9CP-4) was purified by Ni2+ chelating Sepharose column (Roche), and the purified protein was dialyzed out of imidazole against ddH2O at 4°C for 24 h. The protein was resolved by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and visualized with Coomassie Bright Blue R250. The concentration of purified soluble protein was quantified by BCA method. The obtained protein was stored at -80°C for subsequent experiment.



Preparation of Polyclonal Antibody and Western Blotting Analysis

The purified rCgDM9CP-4 was immuned to 6 weeks old rats with a weight of approximately 120 g to acquire polyclonal antibody. Briefly, rCgDM9CP-4 of 1mg mL-1 was mixed with freund’s adjuvant to immunize the female rats for four times.

After SDS-PAGE, the samples of rCgDM9CP-4 were electrophoretically transferred onto a nitrocellulose membrane. The membrane was blocked with PBST containing 5% milk at room temperature for 1 h, and incubated with antibodies (diluted at 1:4000) for 1 h at room temperature with rocking, followed by three times of washes with PBST. Membranes were incubated with HRP-labeled Goat Anti-Rat IgG(H+L) (Beyotime; 1:10000) for 1 h at room temperature with rocking, followed by three times of washes with PBST. Membranes were incubated briefly in Western lighting ECL substrate system (Thermo Scientific, USA) before exposure to KODAK X-OMAT AR X-ray film (Eastman Kodak, USA).



PAMP Binding Assay

The PAMP binding assay was performed according to previously description with some modification (35). Briefly, 20 μg of LPS, PGN, β-glucan, mannose (Sigma-Aldrich) in 100 μL of carbonate-bicarbonate buffer (50 mmol L-1, pH = 9.6) were used to coat 96-well microliter plates (Costar) and incubated at 37°C for 3 h. The wells were washed three times with PBST for 5 min per time and then blocked with 200 μL of 5% BSA in PBS at 37°C for 1 h. The plate was washed three times and 100 μL of rCgDM9CP-4 solution in different concentration was added to the wells with the presence of 5 mmol L-1 CaCl2 and 0.1 mg mL-1 BSA. After incubation at 37°C for 1 h, the plate was washed three times with PBST and then the bound protein was detected immunochemically. Rat anti-His taq monoclonal antibody (1:1,000 dilution in TBS) was added as primary antibody and incubated at 37°C for 1 h, and then incubated with 100 μL of goat-anti-rat Ig-alkaline phosphatase conjugate (1:4,000 dilution in PBS) as the second antibody. The wells were washed four times with TBST for 15 min after each incubation and then incubated with 100 μL of 0.1% (w/v) nitrophenyl phosphate (pNNP, Sigma) in 50 mmol L-1 carbonate buffer (pH= 9.8) containing 0.5 mmol L-1 MgCl2 at room temperature in dark for 15 min. The reaction was stopped by adding 50 μL of 2 mol L-1 H2SO4 per well and the absorbance was measured with an ELISA reader at 450 nm (Molecular Devices). The wells filled with 100 μL of TBS were used as negative control (blank). The apparent dissociation constant (Kd) values were calculated using Prism 5.00 software (GraphPad software) with a one-site binding model and nonlinear regression analysis where A is the absorbance at 450 nm.



Microbial Binding Assay

Microbial binding activity was measured according to previous report with some modification (36). Gram-positive (S. aureus and M. luteus), gram-negative bacteria (V. splendidus, V. anguillarum and E. coli) and fungi (P. pastoris and Y. lipolytica) were used to exam the microbial binding activity of rCgDM9CP-4. The microbes were suspended in TBS (OD600 = 2), and incubated with rCgDM9CP-4 (100 μg mL-1) under rotation slightly at 4°C overnight. After three times washing, the bound proteins were dissociated from the microorganisms by loading buffer and analyzed by Western blot as described above. rTrx was employed as negative control, and the purified protein was set as positive control.



Microbial Agglutination Assay

The overnight cultured Gram-positive bacteria (S. aureus and M. luteus), Gram-negative bacteria (E. coli) and fungi (P. pastoris) were suspended in TBS buffer at 2×109 cells mL-1. An aliquot of 50 mL microbial suspension was incubated with 50 μL purified protein (1 mg mL-1) at room temperature under rotation for 30 min. rTrx protein was set as control, and 50 μL TBS was used as blank control. After three times of washing with PBS, 50 μL FITC-labeled rat anti-his taq antibody (diluted 1:1000) was used to suspend the microbial suspension, and incubated in dark for 20 min. The agglutination was observed under fluorescence microscopy (Olympus).



Immunochemistry and Flow Cytometry Analysis of CgDM9CP-4

Immunohistochemistry (IHC) and immunocytochemistry (ICC) assays were conducted as previous description with some modification (24, 37). For IHC, tissues were fixed using Bouin’s fixative (Saturated picric acid solution: formaldehyde: glacial acetic acid=15:5:1) at room temperature for 24 h. Tissue samples were then faded in 70% ethanol for 2 h for 2–4 times and then dehydrated in 80, 95, and 100% successive ethanol baths. After dehydrated with Xylene/ethanol (1:1), Xylene, respectively, all the tissue samples were embedded in paraffin, and the cross-sections were prepared by RM-2016 microtome (LEIKA, Germany). Paraffin was eliminated in Xylene bath and the sections were rehydrated in successive 95 to 30% ethanol baths and finally in distilled water. Antigens were refolded in sodium citrate-hydrochloric acid buffer. For ICC, hemocytes were obtained from healthy oysters after one week culture in filtered aerated seawater at 18°C and immediately centrifuged at 800 × g, 4°C for 10 min. Modified-Leibovitz L-15 mediums (M-L15, Gibco) according to the previous description were used to suspend the hemocytes, and the suspension was added into cell culture dishes (38). After incubated at room temperature for 3 h, the supernatant was discarded and 4% PFA (Paraformaldehyde diluted in TBS) was used to fix the hemocytes for 15 min. Then the sections/dishes were blocked with 500 μL of 3% BSA in PBS at 37°C for 30 min, the supernatant was removed and were incubated with 500 μL antibody of CgDM9CP-4 (diluted 1:500 in blocking buffer) as the primary antibody at 37°C for 1 h. After washing three times with PBST, the samples were incubated with Alexa Fluor 488-labeled goat-anti-rat antibody (diluted 1:1000 in PBST) as the second antibody at 37°C for 1 h. After another three times of washing with PBST, DAPI (diluted 1:10,000 in PBS) was added to stain the nucleus and DIL (diluted 1:10,000 in PBS) to stain the membrane. After the last three times of wash, samples were observed under fluorescence microscopy (Olympus) and Laser Scan Confocal Microscope (ZEISS).

For flow cytometry analysis, hemocytes from six oysters were collected and centrifuged at 800 × g, 4°C for 10 min immediately. After three times of wash in M-L15, same volume of 4% PFA was added to fix the hemocytes for 5 min. After three times of wash in TBST, the hemocytes were then blocked with 500 μL of 3% BSA in PBS at room temperature for 1 h, and then the supernatant was removed and the hemocytes were incubated with 500 μL antibody of CgDM9CP-4 (diluted 1:1,000 in 3% BSA) as the primary antibody at room temperature for 1 h. The hemocytes were then incubated with Alexa Fluor 488-labeled goat-anti-rat antibody (diluted 1:1,000 in 3% BSA) as the second antibody at 37°C for 1 h after three times washing. The expression pattern of CgDM9CP-4 was analyzed on an FACS Arial II flow cytometer (Becton, Dickinson and Company).

To analyze hemocytes form the gills, gills from three oysters were collected and cut into small pieces, then soaked in M-L15 for 10 min to extract the hemocytes from gill. Flow cytometry analysis and immunocytochemistry were then performed as described above.



Detection of Phagocytosis, ROS and Cytokine Expressions in CgDM9CP-4-Positive Hemocytes by Flow Cytometry

Phagocytosis assay was performed following the previous description (39). Briefly, hemocytes were incubated with Latex beads (2 μm, Sigma) at room temperature for 1 h with rotation, and wash three times with M-L15. Intracellular ROS level was detected using the peroxide-sensitive fluorescent probe DCFH-DA (Beyotime, China) as substrate according to the previous report with some modification (40). The hemocytes were then incubated with 500 μL CgDM9CP-4 antibody. For intracellular cytokine expression, antibody of CgTNF-α (CGI_10008787 or CGI_10008788), CgIFNLP or CgIL17-5 (diluted 1:1,000 in 3% BSA) were added together with CgDM9CP-4 antibody as the primary antibodies. The hemocytes were then incubated with Alexa Fluor 488-labeled goat-anti-rat antibody and Alexa Fluor 594-labeled goat-anti-mouse antibodies (diluted 1:1000 in 3% BSA) as the second antibody at 37°C for 1 h after three times washing. The phagocytic rate and ROS level, as well as the expression levels of cytokines in CgDM9CP-4-positive hemocytes were analyzed on an FACS Arial II flow cytometer (Becton, Dickinson and Company).



The mRNA Expression of CgDM9CP-4 in Phagocytes and Non-Phagocytes

Phagocytes and non-phagocytes were separated following the previous description (22). In brief, hemolymph was collected from one hundred oysters and immediately centrifuged at 800 × g, 4°C for 10 min to harvest the hemocytes. The hemocytes were suspended in resuspension and incubated with Latex beads (2 μm, Sigma) at room temperature for 1 h with rotation. The viability of hemocytes was measured by propidium iodide positivity under fluorescence microscopy (Olympus). The single-cell suspensions were sorted by flow cytometer at the sorting efficiency of 90%. The separated phagocytes and non-phagocytes were rechecked for the validity of the cell sorting. The total RNA was extracted from the hemocytes using Trizol reagent. cDNA synthesized and SYBR Green fluorescent qRT-PCR as described above.



In Vitro RNA Interference of Hematopoietic Related Genes

T7 promoter linked primers (Supplementary Table 1) were used to amplify CgGATA, CgRunt, CgSCL and CgNotch cDNA fragments from C. gigas following the previous description (41). EGFP DNA fragment (657 bp) amplified from pEGFP vector (Clontech, USA) was employed as control. The PCR products were used as templates to synthesize dsRNA by in vitro transcription according to the method described by previous reports (42). The RNA integrity was examined by electrophoresis and the concentration was quantified by the absorbance at 260 nm and adjusted to a final concentration of 1 mg mL-1. Ninety oysters were randomly divided into six groups with fifteen individuals in each group. dsRNAs (100 μg per oyster) of CgGATA, CgRunt, CgSCL, CgNotch and EGFP were injected into the adductor of each oyster, respectively. The oysters received an injection of 100 μL sterile seawater were set as blank control. Hemolymph samples from six oysters of each group were collected at 24 h post-dsRNA injection for total RNA extraction. The efficiency of gene knock-down was checked using qRT-PCR. The expression level of CgDM9CP-4 was detected by qRT-PCR as described above.



5-Ethynyl-2’-Deoxyuridine(EdU) Labeling and CgDM9CP-4-Positive Hemocytes in Gill

EdU labeling assay was performed as previously described (43). In brief, six oysters were cultured with sterile seawater with EdU (Life technologies, 2 mg L-1) in an aerated tank for 48 h. Cross sections of gill were made as described above. The slides were then fixed with 4% PFA at room temperature for 15 min. After three times washing with 3% BSA in TBS, 0.1% Triton® X-100 in TBS was used to treat the samples at room temperature for 10 min. CgDM9CP-4 positive cells were stained as mentioned above and after the final three times washing with TBS (containing 3% BSA), 0.1% Triton® X-100 in TBS was used to treat the samples at room temperature for 10 min. Samples were then incubated with the 1 × Click-iT™ Reaction Buffer (provided with the kit) for 30 min, and washed thoroughly with PBS (3 × 15 min). EdU were analyzed on an FACS Arial II flow cytometer (Becton, Dickinson and Company, USA). For the new generated hemocytes in gill, slices were incubated with DAPI (diluted 1:1,000 in PBST) for 5 min, washed extensively with PBS, mounted with 80% glycerin, and monitored under a Laser Scan Confocal Microscope (ZEISS).



Statistical Analysis

All the data were expressed as mean ± standard deviation (N = 3 or 4), and analyzed by Statistical Package for Social Sciences (SPSS) 18.0. The significant differences among groups were tested by one-way analysis of variance (ANOVA) and multiple comparisons. Statistically significant differences were designated at p < 0.05 and extremely significant at p < 0.01.




Result


Sequence Characteristics and Multiple Alignment of CgDM9CP-4

The sequence of CgDM9CP-4 was retrieved from NCBI (GenBank Accession No. XP_011421715). A cDNA fragment of 438 bp was amplified by one pair of gene specific primers. The open reading frame (ORF) of CgDM9CP-4 encodes a polypeptide of 145 amino acids with a predicted molecular mass of 16 kDa. There were only two tandem DM9 domains in CgDM9CP-4 identified by SMART analysis (Figure 1A).




Figure 1 | Sequence features of CgDM9CP-4 and multiple sequence alignment of DM9CPs. (A) The nucleotide and the deduced amino acid sequence of CgDM9CP-4. The first putative DM9 domain was underlined, and the second was double-underlined. The asterisks indicated the stop codon. (B) Multiple sequence alignment by ClustalW of CgDM9CP-4 with other DM9CPs. Sequences filled in black showed the conserved amino acid residues, and similar amino acids are in grey. The conserved amino acids involved in mannose binding were marked with ▪.



BLAST analysis revealed that the deduced amino acid sequence of CgDM9CP-4 shared high similarities with other known DM9CPs. CgDM9CP-4 shared 63% similarity with Natterin-4 from C. gigas (XP_011426076), 38% with GL11485 from Drosophila persimilis, 42% with Natterin-3 from Zootermopsis nevadensis (KDR19911), 35% with Natterin-3 from Thalassophryne nattereri (AAU11824), 40% with Natterin-4 from Stegodyphus mimosarum (KFM79713) and 37% with GK20873 from Drosophila willistoni (XP_002061352) (Figure 1B). The conserved amino acid sites were identified by multiple alignment, such as K43, P46, G58, L69, W81, P90, A93, G102, R103, E132. A conserved signature sequence involved in pattern recognition was characterized from Y138 to L141 (Figure 1B).



Tissue Distribution and Temporary Expression Patterns of CgDM9CP-4 mRNA After Immune Challenges

CgDM9CP-4 mRNA could be detected in all the tested tissues by qRT-PCR, including hemocytes, gonad, muscle, mantle, gill, and hepatopancreas (Figure 2A). The highest expression level was detected in hemocytes and gill, which was 310.15-fold (p < 0.01) and 30.78-fold (p < 0.01) higher than that of adductor, respectively.




Figure 2 | Expression patterns of CgDM9CP-4 mRNA in different tissues and post stimulation by real-time PCR. (A) Comparison of the expression level of CgDM9CP-4 mRNA (relative to CgEF) among different tissues was normalized to adductor. Vertical bars represent the mean ± S.D. (N = 4). (B–D) Comparison of the level of CgDM9CP-4 mRNA (relative to CgEF) post V. splendidus (B), LPS (C) and PGN (D) were normalized to 0 h. Vertical bars represent the mean ± S.D. (N = 4). **P < 0.01, *P < 0.05.



The temporal expression level of CgDM9CP-4 mRNA was then examined in oyster hemocytes at 0, 3, 6, 9, 12, 24 and 48 h after V. splendidus stimulation (Figure 2B). The transcripts of CgDM9CP-4 in circulating hemocytes was significantly decreased at 6 (9.5-fold, p < 0.01), 9 (1.8-fold, p < 0.05) and 12 h (3.2-fold, p < 0.01) compared to blank group, respectively (Figure 2B), followed by a slight increase of at 24 (2.1-fold, p < 0.01) and 48 h (1.4-fold, p < 0.01), respectively (Figure 2B).

Finally, the temporal expression of CgDM9CP-4 mRNA in circulating hemocytes post LPS and PGN stimulation was examined (Figures 2C, D). The transcript of CgDM9CP-4 was significantly decreased at 6 (2.72-fold, p < 0.01), 9 (2.24-fold, p < 0.01), 12 (2.65-fold, p < 0.01) and 24 h (1.7-fold, p < 0.01), and raised up to the original level at 48 h compared with 0 h after LPS stimulation (Figure 2C). In the PGN stimulation group, CgDM9CP-4 transcript level was decreased at 6 (2.12-fold, p < 0.01), 9 (1.66-fold, p < 0.01), 12 (4.45-fold, p < 0.01) and 24 h (1.83-fold, p < 0.01), and recovered to normal level at 48 h (Figure 2D).



The Recombinant Protein of CgDM9CP-4 and Production of Polyclonal Antibody

After Coomassie blue staining, a distinct band of rCgDM9CP-4 was revealed with a molecular weight of ~18 kDa, which was consistent with the predicted molecular mass (Figure 3A). The purified rCgDM9CP-34 was employed to prepare polyclonal antibody and the following functional verification assay.




Figure 3 | Recombinant protein of CgDM9CP-4 preparation and verification of the pattern recognition function. (A) SDS-PAGE analysis of purified rCgDM9CP-4 protein and western-blot using the polyclonal antibody against CgDM9CP-4 in oyster hemocytes sample. (B–D) PAMPs binding (B), bacteria agglutination (C) and bacteria binding (D) activity of rCgDM9CP-4. ELISA assay was performed to determine the binding dissociated constant of rCgDM9CP-4 (0–12 μM) with LPS, Mannose, PGN and Glucan. Data are shown as the mean ± S.D. (N = 3). The data were curve-fitted using a single-site binding model. Bacteria agglutination activity of rCgDM9CP-4 was visualized by immunostaining by using FITC-labeled rat anti-his taq antibody after incubation of rCgDM9CP-4 with various microorganisms. Binding of rCgDM9CP-4 to Gram-positive, Gram-negative bacteria and fungi was measured by Western blotting analysis.



A clear reaction band was revealed in hemocytes by western blot to identify the specificity of the polyclonal antibody (Figure 3A). Pre-immune serum from mice was set as negative control group with no visible reaction band (data not shown).



PAMPs Binding Activity, Microbe Binding Spectrum and Microbial Agglutinating Activity of rCgDM9CP-4

The PAMPs binding activity of rCgDM9CP-4 was evaluated by ELISA assay. rCgDM9CP-4 could bind LPS, PGN and β-glucan in a dose-dependent manner. rCgDM9CP-4 exhibited highly binding activity towards Mannose from low concentration (Figure 3B). In addition, rCgDM9CP-4 showed higher affinities to Mannose and PGN (Kd=0.9×10-7M and 5.691×10-7M) while relative lower affinities to LPS and β-glucan (Kd=6.081×10-7M and 12.17×10-7M). As a control, no binding affinity was found in the group of rTrx (data not shown).

Gram-positive (S. aureus and M. luteus) and gram-negative (E. coli) bacteria, as well as fungi (Y. lipolytica) were used to test the agglutination activity of rCgDM9CP-4. rCgDM9CP-4 exhibited no agglutinating activities towards any of the microorganisms. Instead, rCgDM9CP-4 showed binding activity to all the tested microorganisms as clear signals of rCgDM9CP-4 were detected on the membranes (Figure 3C).

Western blotting was then carried out to analyze the binding capability of rCgDM9CP-4 to gram-positive bacteria, gram-negative bacteria, and fungi. Purified rCgDM9CP-4 was set as positive control which showed a clear band (Figure 3D). No significant signal was detected in the negative control (data not shown). rCgDM9CP-4 was specifically detected in all seven microorganisms [gram-positive (S. aureus and M. luteus), gram-negative (V. splendidus, V. anguillarum and E. coli) and fungi (P. pastoris and Y. lipolytica)] groups (Figure 3D). The results indicated that rCgDM9CP-4 displayed stronger binding affinity to P. pastoris, Y. lipolytica and V. anguillarum, lower binding affinity to S. aureus, M. luteus, E. coli, and V. splendidus, respectively.



Localization of CgDM9CP-4 in Tissues and Hemocytes

Immunohistochemistry assay was used to detect the localization of CgDM9CP-4 protein in different tissues and hemocytes. CgDM9CP-4 protein expression could be detected in mantle, gill, and hepatopancreas (Figure 4A). Specifically, CgDM9CP-4 was highly expressed at the base of the gill where filaments were projected out (Figure 4A). In hemocytes, CgDM9CP-4 was detected to localize on the membrane of hemocytes with a cell specificity distribution (Figures 4B, C). Hemocytes from oyster C. gigas could be clearly separated into two groups by the polyclonal antibody of CgDM9CP-4 (Figure 4B). CgDM9CP-4-positive hemocytes were small in size and had a higher nuclear-cytoplasmic ratio (Figure 4C). Specifically, CgDM9CP-4-positive hemocytes accounted for 7.3% of total hemocytes, which were smaller in size and less in granularity compared with CgDM9CP-4- negative cells (Figure 4D).




Figure 4 | Immunohistochemistry, immunofluorescence and flow cytometry analysis of the localization of CgDM9CP-4 protein. (A) Distribution of CgDM9CP-4 was visualized by Alexa Fluor 488-labeled goat-anti-rat antibody (upper panel), the rat pre-immuned serum was used as control (lower panel), the tissues were stained with Evans blue dye (red). Bar= 50 μm. (B) Expression of CgDM9CP-4 on the membrane of hemocytes as detected by flow cytometry. (C) Localization of CgDM9CP-4 in hemocytes. Nucleus was stained with DAPI (blue), CgDM9CP-4 (green) and the cell membrane were stained with CM-DIL (red). Bar= 10 μm. (D) Distinct gating by forward scatter (FSC) and Alexa Fluor 488-labeling and (left), contour by FSC and Alexa Fluor 488-labeling showing the specific group of CgDM9CP-4-positive hemocytes (middle), size and granularity of CgDM9CP-4-positive hemocytes were analyzed by Side scatter (SSC) and FSC (right).





Immune Capacity of CgDM9CP-4-Positive Hemocytes

The immune capacity of CgDM9CP-4-positive and -negative hemocytes was evaluated by flow cytometry. The phagocytic rate of CgDM9CP-4-positive hemocytes was 0 and the phagocytic rate of the rest negative hemocytes was 21.5% (Figures 5A, B). The relative ROS level of CgDM9CP-4-positive hemocytes indicated by mean fluorescence intensity was 203, which was much lower than that in CgDM9CP-4-negative hemocytes (706, p < 0.01) (Figures 5C, D).




Figure 5 | Phagocytic rate, ROS level and cytokine level of CgDM9CP-4-positive hemocytes detected by flow cytometry. (A) Phagocytic rate of CgDM9CP-4-positive and -negative hemocytes. (B) Quantification based on (A). (C) ROS level of CgDM9CP-4-positive and -negative hemocytes. (D) Quantification based on (C) (E–H) Relative protein levels of TNF (E:CGI_10008787, F: CGI_10008788), CgIFNLP (G) and CgIL17-5 (H) in CgDM9CP-4-positive and -negative hemocytes. (I) Expression level of CgDM9CP-4 mRNA in sorted phagocytes and non-phagocytes. Data represent the mean ± S.D. (N = 3). **P < 0.01.



Then flow cytometry methods was used to determine the protein levels of different cytokines, including CgTNF-α (CGI_10008787, CGI_10008788), CgIFNLP and CgIL17-5, in CgDM9CP-4-positive and -negative hemocytes. The relative protein levels of CGI_10008787, CGI_10008788, IFNLP, IL-17 indicated by mean fluorescence intensity were 2566 ± 472, 2195 ± 231, 2895 ± 316 and 1523 ± 265 in CgDM9CP-4-positive hemocytes respectively (Figures 5E–H), which were significantly lower than that in CgDM9CP-4-negative hemocytes (CGI_10008787: 8602 ± 1625, p < 0.01; CGI_10008788: 10,370 ± 1232, p < 0.01; IFNLP: 7839 ± 2207, p < 0.01; IL-17: 7187 ± 897, p < 0.01) (Figures 5E–H).

Finally, the phagocytes and non-phagocytes from C. gigas hemocytes were separated by fluorescence activated cell sorting using flow cytometry (Figure S1). The expression level of CgDM9CP-4 in non-phagocytes (which accounted for ~82% of total hemocytes) was 1190.3-fold (p < 0.01) higher than that in phagocytes (Figure 5I). All these results demonstrated that CgDM9CP-4-positive hemocytes exhibited lower immune capacity.



Expression Levels of CgDM9CP-4 After Knockdown of Hematopoietic Transcription Factors and Co-Localization of CgDM9CP-4 With New-Born Hemocytes

As the gill of C. gigas has been reported to be the hematopoietic tissue, we then examined the protein expression of CgDM9CP-4 in hemocytes from the gill. CgDM9CP-4-positive hemocytes was more abundant in gill than in hemocytes (Figures S2A–C) and a subpopulation of hemocytes with much stronger CgDM9CP-4 level was also identified from gill (Figure S2A). In addition, after V. splendidus stimulation, the percentage of CgDM9CP-4-positive hemocytes was firstly decreased at 3 and 6 h, then increased at 9, 12, and 24 h, and finally fell down to normal level at 48 h (Figure S3A). The expression level of CgDM9CP-4 in gill also showed a trend of increase and then decrease, finally back to normal trend after V. splendidus stimulation (Figure S3B).

Then we knockdown the mRNA expression levels of hematopoietic factors CgGATA, CgRunt, CgSCL and CgNotch by using RNAi. After 24 h of dsRNA injection, the expression levels of CgGATA, CgRunt, CgSCL and CgNotch in hemocytes (Figure 6A), as well as the expression levels of CgDM9CP-4 in hemocytes from CgGATA (0.24-fold, p < 0.01), CgRunt (0.11-fold, p < 0.01), CgSCL (0.56-fold, p < 0.01) and CgNotch (0.16-fold, p < 0.01) knockdown groups were all significantly down-regulated in comparison with that in dsEGFP group, respectively (Figure 6B).




Figure 6 | Expression level of CgDM9CP-4 mRNA in hemocytes after knockdown of hematopoietic factors. (A) RNAi knockdown efficiency of CgGATA, CgRunt, CgSCL, and CgNotch. (B) CgDM9CP-4 mRNA levels in hemocytes after knockdown CgGATA, CgRunt, CgSCL, and CgNotch. Data represent the mean ± S.D. (N = 3). **P < 0.01.



We further performed EdU labeling assay in oyster gill to investigate the potential relationship between CgDM9CP-4-positive hemocytes and new-born hemocytes. After 48 h of EdU incubation, CgDM9CP-4-positive hemocytes were found to appear at the lumen of gills where hematopoietic stem cells were located on top of the filaments (Figures 7A, B).




Figure 7 | Localization of CgDM9CP-4-positive hemocytes and EdU-positive cells in gill. Immunofluorescence of CgDM9CP-4 and EdU in gill sections (A) and representative enlarged image (B).






Discussion

DM9CPs refer to a new family of PRR with tandem DM9 domains that identified from the Pacific oyster C. gigas. Although DM9CPs have been shown to mediate the innate immune recognition through binding to various PAMPs, their function in cellular immunity and hemocyte-specific expression has not been investigated. Here, we identified a novel hemocyte-specific role of CgDM9DCP-4 from C. gigas. Specifically, it is found that CgDM9DCP-4 is not limited to the common function as a PRR with other DM9CPs, it is also localized on the membrane of oyster pro-homocytes. The CgDM9DCP-4-positive hemocytes were small in size and exhibited less immune capacity. Furthermore, CgDM9DCP-4-positive hemocytes were more abundant at the lumen of gills that downstream of the hematopoietic stem cells. The present study suggests that CgDM9DCP-4 is a hemocyte-specific PRR that possibly involved in the immune recognition of pro-hemocyte. Future studies to dissect the role CgDM9DCP-4 in pro-hemocyte maturation would be helpful to develop new insights into the hematopoiesis and hemocyte classification in oyster.

DM9 domain is found to tandem double or quadruple repeated and is barely in combination with other domains (29). The function of DM9 domain is previously unclear and the researchers predicted that DM9CP is involved in regulatory interactions during local immune response and DM9 domain is similar to lectin domain that facilitate cell membrane binding (44). In the present study, the ORF of CgDM9CP-4 cDNA encoded a polypeptide of 145 amino acids with two tandem DM9 domains. The amino acid sequences of CgDM9CP-4 shared high similarity with other reported DM9CPs with two DM9 domains. The signature sequences identified from CgDM9CP-1 that involved in the pattern recognition is also conserved in CgDM9CP-4 (31), which indicated CgDM9CP-4 might also share the common feature of this novel PRR family in C. gigas. Pathogen recognition is a critical link in invertebrate innate immune system for detecting the invading non-self. DM9CPs have been reported to participate in the immune response against pathogen infection (45–47). In the present study, rCgDM9CP-4 could bind to various PAMPs, including LPS, PGN, β-glucan and mannose, suggesting that CgDM9CP-4 was involved in the innate immune recognition and served as a PRR. Consistent with CgDM9CP-1, CgDM9CP-4 exhibited higher binding affinity towards mannose, which favored that this DM9CP may be a family of mannose specific PRR. Two mannose-binding sites are identified from CgDM9CP-1 and multiple amino acid residues, especially D22 and K43, are involved in the mannose binding activity (31). Interestingly, K43 was found to be highly conserved in both CgDM9CP-2 and CgDM9CP-4 (33). However, D22 is replaced by G22 and E22 in CgDM9CP-2 and CgDM9CP-4, respectively (33). In another uncharacterized DM9CP from C. gigas, they were E22 and K43, respectively. All these results demonstrated that DM9CPs from C. gigas shared the conserved K43 for their mannose binding activity and the other amino acid residues maybe involved in their specific functions. Indeed, rCgDM9CP-4 could also bind to various microorganisms and higher affinity towards fungi. Collectively, all these results indicated that CgDM9CP-4 shared the common features of DM9CP family in mannose binding and showed a broad binding spectrum towards PAMPs and microorganisms.

Accumulating evidences have demonstrated that various invertebrate PRRs are involved in agglutinating and antibacterial activities, serve as opsonins to promote phagocytosis of hemocytes (48–50). To our surprise, unlike most of the identified PRRs such as C-type Lectins CgCLec-3 and CgCLec-4, and CgDM9CP-1, CgDM9CP-2 from C. gigas (31, 33, 51, 52), rCgDM9CP-4 did not exhibit any bacteria agglutination and killing activities. Considering the lower expression level of CgDM9CP-4 in hemocytes compared to CgDM9DCP-1 (34), the function and consequence after CgDM9CP-4 binding of the invading pathogens are still unclear.

Hemocytes are considered to be the key component in the immune system in lower invertebrates (53). In the present study, the CgDM9CP-4 transcript levels were decreased in circulating hemocytes in response to V. splendidus and PAMPs challenge. The results were different from the expression patterns of most other PRRs, such as C-type lectins, Toll-like receptors, which are usually increased post pathogen invasion (10, 34, 54, 55). It has been reported that the transcripts of CgDefhs decrease after immune challenge in circulating hemocytes but increase at the injection site (56). Considering the pathogen recognition ability of CgDM9CP-4, there were possibilities that the down-regulated CgDM9CP-4 expression was due to the migration of hemocytes to the injury site. However, CgDM9CP-4 protein was only detected on the membrane of 7.3% hemocytes. These hemocytes were small in size, with less granularity and higher nuclei-cytoplasmic ratio, which physiologically resembles the features of pro-hemocytes and agranulocytes, and may have the potential to differentiate into immunological hemocytes. In addition, CgDM9CP-4 was high enriched in non-phagocytes (22, 57). These results excluded CgDM9CP-4-positive hemocytes from agranulocytes since agranulocytes from C. gigas are reported to be around 27.63% of total hemocytes (58). ROS is important for the differentiation of alternatively activated macrophages and macrophages are the major producers of cytokines such as TNF-α (59, 60). We also found that the ROS level and production of cytokines in CgDM9CP-4-positive hemocytes were much lower than negative hemocytes, suggesting that they were not immunologic effector cells for eliminating the invading pathogens. Taken all together, we speculated that CgDM9CP-4-positive hemocytes might be pro-hemocytes.

The classification of mollusk hemocytes has been impeded at morphological level till now (22). Researchers predicted that the hemocytes of mollusk might have only one single type but at different development stages, which are able to form granules (most likely rich in antimicrobial substances) and degranulate in response to environmental challenge (61, 62). In crayfish, pro-hemocytes were formed in the specific hematopoietic tissue and were able to be released into the circulation (63). In the present study, we found that the mRNA and protein levels of CgDM9CP-4 mRNA highly expressed in hemocytes and gill. In addition, we also found that CgDM9CP-4-positive hemocytes were more abundant in gill than in hemocytes. It has been reported that the hematopoiesis of oyster occurs in gill where progenitor cells differentiate into hemocytes (24). After knockdown of hematopoietic factors, CgGATA, CgRunt, CgSCL, and CgNotch by RNAi, the expression level of CgDM9CP-4 was significantly disrupted. Previous study has proved that RNAi of these genes would decrease the production of hemocytes via disturbing the hematopoiesis in gill (41). These data indicated a strong positive correlation of CgDM9CP-4-positive hemocytes with hematopoiesis. Moreover, immunohistochemistry of CgDM9CP-4 in gill and EdU labeling assay further supported our hypothesis that CgDM9CP-4-positive hemocytes appeared in the downstream lumen of gills where hematopoietic stem cells were located on top. CgDM9CP-4-positive hemocytes appeared after the hematopoietic stem cells which is similar to the type 2 cells during crayfish hematopoietic processes (63). Type 2 cells have large nuclei and larger cytoplasm-containing granules and may be the precursors of SGCs and GCs (63). However, the function of CgDM9CP-4 in mediating pro-hemocytes maturation still needs to be further investigated.



Conclusion

In summary, the result of the study suggests the following model (Figure 8): Stem cells firstly divide and differentiate into pro-hemocytes in gill and CgDM9CP-4 is then recruited on the membrane of pro-hemocytes. When there are invading pathogens, CgDM9CP-4 recognizes the pathogens and the CgDM9CP-4-positive pro-hemocytes may subsequently become immunological hemocytes to eliminate the pathogens. At the same time, more pro-hemocytes will be produced and replenished into the circulating hemocytes. CgDM9CP-4 was a novel member of PRR that expressed in undifferentiated pro-hemocytes that recognize the invading pathogens and maybe involved in pro-homocyte maturation. These findings not only merely contribute to the understanding of the DM9 domain and DM9CPs, but also provided new insight into the complex process of hemocyte production and differentiation in mollusk.




Figure 8 | Schematic representation of the mechanism underlying CgDM9CP-4-positve hemocytes in response to stimulation. The green cells in the gill indicate the hematopoietic stem cells that divide and differentiate into pro-hemocytes in gill (Red). CgDM9CP-4 is then recruited on the membrane of pro-hemocytes. When there are invading pathogens, CgDM9CP-4 recognizes the pathogens. The CgDM9CP-4-positve pro-hemocytes may then mature into immunological cells to eliminate the pathogens. At the same time, more pro-hemocytes will be produced and replenished into the circulating hemocytes.





Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by Ethics Committee of the Institute of Oceanology, Chinese Academy of Sciences.



Author Contributions

ZJ, LW, and LS conceived and designed the experiments and wrote the manuscript. ZJ, SJ, MW, XW, YuL, ZL, XS, and YiL performed the experiments and analyzed the data. All authors revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by National Key R&D Program (2018YFD0900502), the National Natural Science Foundation of China (Nos. U1706204, 41961124009), the Outstanding Talents and Innovative teams of Agricultural Scientific Research and Earmarked Fund (CARS-49) from Modern Agro-industry Technology Research System, the Fund for Outstanding Talents and Innovative Team of Agricultural Scientific Research in Ministry of Agriculture, the Research Foundation for Distinguished Professor in Liaoning (XLYC1902012 to LW) and the Climbing Scholar in Liaoning (to LS).



Acknowledgments

The authors are grateful to all the members of Dr. Linsheng Song lab for continuous technical advice and helpful discussions.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.603270/full#supplementary-material



References

1. Mydlarz, LD, Jones, LE, and Harvell, CD. Innate immunity, environmental drivers, and disease ecology of marine and freshwater invertebrates. Annu Rev Ecol Evol Syst (2006) 37:251–88. doi: 10.1146/annurev.ecolsys.37.091305.110103

2. Medzhitov, R, and Janeway, CA Jr. Innate immunity: impact on the adaptive immune response. Curr Opin Immunol (1997) 9:4–9. doi: 10.1016/s0952-7915(97)80152-5

3. Janeway, CA Jr., and Medzhitov, R. Innate immune recognition. Annu Rev Immunol (2002) 20:197–216. doi: 10.1146/annurev.immunol.20.083001.084359

4. Akira, S, Uematsu, S, and Takeuchi, O. Pathogen recognition and innate immunity. Cell (2006) 124:783–801. doi: 10.1016/j.cell.2006.02.015

5. Lemaitre, B, and Hoffmann, J. The host defense of Drosophila melanogaster. Annu Rev Immunol (2007) 25:697–743. doi: 10.1146/annurev.immunol.25.022106.141615

6. Song, L, Wang, L, Qiu, L, and Zhang, H. Bivalve immunity. In: Invertebrate immunity. Boston, MA: Springer (2010). p. 44–65.

7. Huang, M, Wang, L, Yang, J, Zhang, H, Wang, L, and Song, L. A four-CRD C-type lectin from Chlamys farreri mediating nonself-recognition with broader spectrum and opsonization. Dev Comp Immunol (2013) 39:363–9. doi: 10.1016/j.dci.2012.12.002

8. Wang, L, Wang, L, Yang, J, Zhang, H, Huang, M, Kong, P, et al. A multi-CRD C-type lectin with broad recognition spectrum and cellular adhesion from Argopecten irradians. Dev Comp Immunol (2012) 36:591–601. doi: 10.1016/j.dci.2011.10.002

9. Alexopoulou, L, Holt, AC, Medzhitov, R, and Flavell, RA. Recognition of double-stranded RNA and activation of NF-κB by Toll-like receptor 3. Nature (2001) 413:732–8. doi: 10.1038/35099560

10. Wang, M, Yang, J, Zhou, Z, Qiu, L, Wang, L, Zhang, H, et al. A primitive Toll-like receptor signaling pathway in mollusk Zhikong scallop Chlamys farreri. Dev Comp Immunol (2011) 35:511–20. doi: 10.1016/j.dci.2010.12.005

11. Cerenius, L, Lee, BL, and Söderhäll, K. The proPO-system: pros and cons for its role in invertebrate immunity. Trends Immunol (2008) 29:263–71. doi: 10.1016/j.it.2008.02.009

12. Christophides, GK, Zdobnov, E, Barillas-Mury, C, Birney, E, Blandin, S, Blass, C, et al. Immunity-related genes and gene families in Anopheles gambiae. Science (2002) 298:159–65. doi: 10.1126/science.1077136

13. Medzhitov, R. Recognition of microorganisms and activation of the immune response. Nature (2007) 449:819–26. doi: 10.1038/nature06246

14. Belov, L, de la Vega, O, dos Remedios, CG, Mulligan, SP, and Christopherson, R II. Immunophenotyping of leukemias using a cluster of differentiation antibody microarray. Cancer Res (2001) 61:4483–9.

15. Ziegler-Heitbrock, HWL, and Ulevitch, RJ. CD14: cell surface receptor and differentiation marker. Immunol Today (1993) 14:121–5. doi: 10.1016/0167-5699(93)90212-4

16. Triantafilou, M, and Triantafilou, K. Lipopolysaccharide recognition: CD14, TLRs and the LPS-activation cluster. Trends Immunol (2002) 23:301–4. doi: 10.1016/s1471-4906(02)02233-0

17. Stahl, PD, and Ezekowitz, RAB. The mannose receptor is a pattern recognition receptor involved in host defense. Curr Opin Immunol (1998) 10:50–5. doi: 10.1016/s0952-7915(98)80031-9

18. Stahl, PD. The mannose receptor and other macrophage lectins. Curr Opin Immunol (1992) 4:49–52. doi: 10.1016/0952-7915(92)90123-v

19. Owusu-Ansah, E, and Banerjee, U. Reactive oxygen species prime Drosophila haematopoietic progenitors for differentiation. Nature (2009) 461:537–41. doi: 10.1038/nature08313

20. Lemaitre, B, and Hoffmann, J. The host defense of Drosophila melanogaster. Annu Rev Immunol (2007) 25:697–743. doi: 10.1146/annurev.immunol.25.022106.141615

21. Wu, C, Söderhäll, I, Kim, YA, Liu, H, and Söderhäll, K. Hemocyte-lineage marker proteins in a crustacean, the freshwater crayfish, Pacifastacus leniusculus. Proteomics (2008) 8:4226–35. doi: 10.1002/pmic.200800177

22. Jiang, S, Jia, Z, Zhang, T, Wang, L, Qiu, L, Sun, J, et al. Functional characterisation of phagocytes in the Pacific oyster Crassostrea gigas. PeerJ (2016) 4:e2590. doi: 10.7717/peerj.2590

23. Jiang, S, Jia, Z, Xin, L, Sun, Y, Zhang, R, Wang, W, et al. The cytochemical and ultrastructural characteristics of phagocytes in the Pacific oyster Crassostrea gigas. Fish Shellfish Immunol (2016) 55:490–8. doi: 10.1016/j.fsi.2016.06.024

24. Jemaà, M, Morin, N, Cavelier, P, Cau, J, Strub, JM, and Delsert, C. Adult somatic progenitor cells and hematopoiesis in oysters. J Exp Biol (2014) 217:3067–77. doi: 10.1242/jeb.106575

25. Ponting, CP, Mott, R, Bork, P, and Copley, RR. Novel protein domains and repeats in Drosophila melanogaster: insights into structure, function, and evolution. Genome Res (2001) 11:1996–2008. doi: 10.1101/gr.198701

26. Chertemps, T, Mitri, C, Perrot, S, Sautereau, J, Jacques, JC, Thiery, I, et al. Anopheles gambiae PRS1 modulates Plasmodium development at both midgut and salivary gland steps. PloS One (2010) 5:e11538. doi: 10.1371/journal.pone.0011538

27. Tamura, S, Yamakawa, M, and Shiomi, K. Purification, characterization and cDNA cloning of two natterin-like toxins from the skin secretion of oriental catfish Plotosus lineatus. Toxicon (2011) 58:430–8. doi: 10.1016/j.toxicon.2011.08.001

28. Xue, Z, Liu, X, Pang, Y, Yu, T, Xiao, R, Jin, M, et al. Characterization, phylogenetic analysis and cDNA cloning of natterin-like gene from the blood of lamprey, Lampetra japonica. Immunol Lett (2012) 148:1–10. doi: 10.1016/j.imlet.2012.08.005

29. Magalhães, GS, Lopes-Ferreira, M, Junqueira-de-Azevedo, IL, Spencer, PJ, Araújo, MS, Portaro, FCV, et al. Natterins, a new class of proteins with kininogenase activity characterized from Thalassophryne nattereri fish venom. Biochimie (2005) 87:687–99. doi: 10.1016/j.biochi.2005.03.016

30. Zhuang, S, Kelo, L, Nardi, JB, and Kanost, MR. Multiple α subunits of integrin are involved in cell-mediated responses of the Manduca immune system. Dev Comp Immunol (2008) 32:365–79. doi: 10.1016/j.dci.2007.07.007

31. Jiang, S, Wang, L, Huang, M, Jia, Z, Weinert, T, Warkentin, E, et al. DM9 domain containing protein functions as a pattern recognition receptor with broad microbial recognition spectrum. Front Immunol (2017) 8:1607. doi: 10.3389/fimmu.2017.01607

32. Unno, H, Matsuyama, K, Tsuji, Y, Goda, S, Hiemori, K, Tateno, H, et al. Identification, characterization, and X-ray crystallographic analysis of a novel type of mannose-specific lectin CGL1 from the Pacific oyster Crassostrea gigas. Sci Rep (2016) 6:29135. doi: 10.1038/srep29135

33. Liu, Y, Zhang, P, Wang, W, Dong, M, Wang, M, Gong, C, et al. A DM9-containing protein from oyster Crassostrea gigas (CgDM9CP-2) serves as a multipotent pattern recognition receptor. Dev Comp Immunol (2018) 84:315–26. doi: 10.1016/j.dci.2018.03.003

34. Zhang, G, Fang, X, Guo, X, Li, L II, Luo, R, Xu, F, et al. The oyster genome reveals stress adaptation and complexity of shell formation. Nature (2012) 490:49–54. doi: 10.1038/nature11413

35. Yu, XQ, Ling, E, Tracy, ME, and Zhu, Y. Immulectin-4 from the tobacco hornworm Manduca sexta binds to lipopolysaccharide and lipoteichoic acid. Insect Mol Biol (2006) 15:119–28. doi: 10.1111/j.1365-2583.2006.00618.x

36. Lee, SY, and Söderhäll, K. Characterization of a pattern recognition protein, a masquerade-like protein, in the freshwater crayfish Pacifastacus leniusculus. J Immunol (2001) 166:7319–26. doi: 10.4049/jimmunol.166.12.7319

37. Jiang, Q, Zhou, Z, Wang, L, Wang, L, Yue, F, Wang, J, et al. A scallop nitric oxide synthase (NOS) with structure similar to neuronal NOS and its involvement in the immune defense. PloS One (2013) 8:e69158. doi: 10.1371/journal.pone.0069158

38. Cao, A, Mercado, L, Ramos-Martinez, J II, and Barcia, R. Primary cultures of hemocytes from Mytilus galloprovincialis Lmk.: expression of IL-2Rα subunit. Aquaculture (2003) 216:1–8. doi: 10.1016/S0044-8486(02)00140-0

39. Jia, Z, Zhang, T, Jiang, S, Wang, M, Cheng, Q, Sun, M, et al. An integrin from oyster Crassostrea gigas mediates the phagocytosis toward Vibrio splendidus through LPS binding activity. Dev Comp Immunol (2015) 53:253–64. doi: 10.1016/j.dci.2015.07.014

40. Sun, M, Wang, L, Jiang, S, Liu, R, Zhao, D, Chen, H, et al. CpG ODNs induced autophagy via reactive oxygen species (ROS) in Chinese mitten crab, Eriocheir sinensis. Dev Comp Immunol (2015) 52:1–9. doi: 10.1016/j.dci.2015.04.008

41. Song, X, Wang, H, Chen, H, Sun, M, Liang, Z, Wang, L, et al. Conserved hemopoietic transcription factor Cg-SCL delineates hematopoiesis of Pacific oyster Crassostrea gigas. Fish Shellfish Immunol (2016) 51:180–8. doi: 10.1016/j.fsi.2016.02.023

42. Jia, Z, Wang, M, Wang, X, Wang, L, and Song, L. The receptor for activated C kinase 1 (RACK1) functions in hematopoiesis through JNK activation in Chinese mitten crab Eriocheir sinensis. Fish Shellfish Immunol (2016) 57:252–61. doi: 10.1016/j.fsi.2016.08.036

43. Jia, Z, Kavungal, S, Jiang, S, Zhao, D, Sun, M, Wang, L, et al. The characterization of hematopoietic tissue in adult Chinese mitten crab Eriocheir sinensis. Dev Comp Immunol (2016) 60:12–22. doi: 10.1016/j.dci.2016.02.002

44. Szczesny, P, Iacovache, I, Muszewska, A, Ginalski, K, Van Der Goot, FG, and Grynberg, M. Extending the aerolysin family: from bacteria to vertebrates. PloS One (2011) 6:e20349. doi: 10.1371/journal.pone.0020349

45. Phadungsil, W, Smooker, PM, Vichasri-Grams, S, and Grams, R. Characterization of a Fasciola gigantica protein carrying two DM9 domains reveals cellular relocalization property. Mol Biochem Parasitol (2016) 205:6–15. doi: 10.1016/j.molbiopara.2016.02.008

46. Labbunruang, N, Phadungsil, W, Tesana, S, Smooker, PM, and Grams, R. Similarity of a 16.5 kDa tegumental protein of the human liver fluke Opisthorchis viverrini to nematode cytoplasmic motility protein. Mol Biochem Parasitol (2016) 207:1–9. doi: 10.1016/j.molbiopara.2016.04.002

47. Chertemps, T, Mitri, C, Perrot, S, Sautereau, J, Jacques, JC, Thiery, I, et al. Anopheles gambiae PRS1 modulates Plasmodium development at both midgut and salivary gland steps. PloS One (2010) 5:e11538. doi: 10.1371/journal.pone.0011538

48. Wang, L, Song, X, and Song, L. The oyster immunity. Dev Comp Immunol (2018) 80:99–118. doi: 10.1016/j.dci.2017.05.025

49. Song, L, Wang, L, Zhang, H, and Wang, M. The immune system and its modulation mechanism in scallop. Fish Shellfish Immunol (2015) 46:65–78. doi: 10.1016/j.fsi.2015.03.013

50. Wang, W, Song, X, Wang, L, and Song, L. Pathogen-derived carbohydrate recognition in molluscs immune defense. Int J Mol Sci (2018) 19:721. doi: 10.3390/ijms19030721

51. Jia, Z, Zhang, H, Jiang, S, Wang, M, Wang, L, and Song, L. Comparative study of two single CRD C-type lectins, CgCLec-4 and CgCLec-5, from pacific oyster Crassostrea gigas. Fish Shellfish Immunol (2016) 59:220–32. doi: 10.1016/j.fsi.2016.10.030

52. Song, X, Xin, X, Wang, H, Li, H, Zhang, H, Jia, Z, et al. A single-CRD C-type lectin (CgCLec-3) with novel DIN motif exhibits versatile immune functions in Crassostrea gigas. Fish Shellfish Immunol (2019) 92:772–81. doi: 10.1016/j.fsi.2019.07.001

53. Wootton, EC, Dyrynda, EA, and Ratcliffe, NA. Bivalve immunity: comparisons between the marine mussel (Mytilus edulis), the edible cockle (Cerastoderma edule) and the razor-shell (Ensis siliqua). Fish Shellfish Immunol (2003) 15:195–210. doi: 10.1016/s1050-4648(02)00161-4

54. Wiens, M, Korzhev, M, Krasko, A, Thakur, NL, Perović-Ottstadt, S, Breter, HJ, et al. Innate immune defense of the sponge Suberites domuncula against bacteria involves a MyD88-dependent signaling pathway induction of a perforin-like molecule. J Biol Chem (2005) 280:27949–59. doi: 10.1074/jbc.M504049200

55. Zhang, H, Song, X, Wang, L, Kong, P, Yang, J, Liu, L, et al. AiCTL-6, a novel C-type lectin from bay scallop Argopecten irradians with a long C-type lectin-like domain. Fish Shellfish Immunol (2011) 30:17–26. doi: 10.1016/j.fsi.2009.12.019

56. Gonzalez, M, Gueguen, Y, Desserre, G, De Lorgeril, J, Romestand, B, and Bachère, E. Molecular characterization of two isoforms of defensin from hemocytes of the oyster Crassostrea gigas. Dev Comp Immunol (2007) 31:332–9. doi: 10.1016/j.dci.2006.07.006

57. Jiang, S, Qiu, L, Wang, L, Jia, Z, Lv, Z, Wang, M, et al. Transcriptomic and quantitative proteomic analyses provide insights into the phagocytic killing of hemocytes in the oyster Crassostrea gigas. Front Immunol (2018) 9:1280. doi: 10.3389/fimmu.2018.01280

58. Wang, W, Li, M, Wang, L, Chen, H, Liu, Z, Jia, Z, et al. The granulocytes are the main immunocompetent hemocytes in Crassostrea gigas. Dev Comp Immunol (2017) 67:221–8. doi: 10.1016/j.dci.2016.09.017

59. Parameswaran, N, and Patial, S. Tumor necrosis factor-α signaling in macrophages. Crit Rev Eukaryot Gene Expr (2010) 20:87–103. doi: 10.1615/critreveukargeneexpr.v20.i2.10

60. Zhang, Y, Choksi, S, Chen, K, Pobezinskaya, Y, Linnoila, I, and Liu, ZG. ROS play a critical role in the differentiation of alternatively activated macrophages and the occurrence of tumor-associated macrophages. Cell Res (2013) 23:898–914. doi: 10.1038/cr.2013.75

61. Ottaviani, E. Immunocyte: the invertebrate counterpart of the vertebrate macrophage. Inv Surv J (2010) 8:1–4.

62. de Freitas Rebelo, M, de Souza Figueiredo, E, Mariante, RM, Nóbrega, A, de Barros, CM, and Allodi, S. New insights from the oyster Crassostrea rhizophorae on bivalve circulating hemocytes. PloS One (2013) 8:e57384. doi: 10.1371/journal.pone.0057384

63. Lin, X, and Söderhäll, I. Crustacean hematopoiesis and the astakine cytokines. Blood (2011) 117:6417–24. doi: 10.1182/blood-2010-11-320614



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Jia, Jiang, Wang, Wang, Liu, Lv, Song, Li, Wang and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-11-603270-g002.jpg
[ —






OEBPS/Images/fimmu-11-603270-g007.jpg
_CgDMOCP-4 |.. EdU






OEBPS/Images/fimmu-11-603270-g005.jpg
b
.....






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Identification of a Novel Pattern Recognition Receptor DM9 Domain Containing Protein 4 as a Marker for Pro-Hemocyte of Pacific Oyster Crassostrea gigas

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Oyster, Bacterial Challenge and Tissue Collection

          



          		

            RNA Isolation and cDNA Synthesis

          



          		

            Cloning and Sequence Analysis of Full-Length cDNA

          



          		

            Real-Time PCR Analysis of CgDM9CP-4 mRNA Expression

          



          		

            Prokaryotic Expression and Purification of the Recombinant CgDM9CP-4

          



          		

            Preparation of Polyclonal Antibody and Western Blotting Analysis

          



          		

            PAMP Binding Assay

          



          		

            Microbial Binding Assay

          



          		

            Microbial Agglutination Assay

          



          		

            Immunochemistry and Flow Cytometry Analysis of CgDM9CP-4

          



          		

            Detection of Phagocytosis, ROS and Cytokine Expressions in CgDM9CP-4-Positive Hemocytes by Flow Cytometry

          



          		

            The mRNA Expression of CgDM9CP-4 in Phagocytes and Non-Phagocytes

          



          		

            In Vitro RNA Interference of Hematopoietic Related Genes

          



          		

            5-Ethynyl-2’-Deoxyuridine(EdU) Labeling and CgDM9CP-4-Positive Hemocytes in Gill

          



          		

            Statistical Analysis

          



        



        



        		

          Result

        

          		

            Sequence Characteristics and Multiple Alignment of CgDM9CP-4

          



          		

            Tissue Distribution and Temporary Expression Patterns of CgDM9CP-4 mRNA After Immune Challenges

          



          		

            The Recombinant Protein of CgDM9CP-4 and Production of Polyclonal Antibody

          



          		

            PAMPs Binding Activity, Microbe Binding Spectrum and Microbial Agglutinating Activity of rCgDM9CP-4

          



          		

            Localization of CgDM9CP-4 in Tissues and Hemocytes

          



          		

            Immune Capacity of CgDM9CP-4-Positive Hemocytes

          



          		

            Expression Levels of CgDM9CP-4 After Knockdown of Hematopoietic Transcription Factors and Co-Localization of CgDM9CP-4 With New-Born Hemocytes

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-603270-g006.jpg
o

74

&q’\a

&

v

aoanaBo 1 e vrssaxd sy ..

&

&

&

&

e
———





OEBPS/Images/fimmu-11-603270-g001.jpg
MTHWYYSTSGCNIPDNAIRAG
ATGACACACTGGGTATCTACCTCTGGATGCAATATCCCAGATARTGCGATACGTGOCGG

1Y EKDGRPLYI ARAKWECTET
61 TACGAGARGGACGGMGACCTTTGTATATCGCCCGGGCCARMIGGAGTGTACTGARACT
114 GKCAPNLG Y b G |

121 GECGGTAATGTGCACCOCACCTTGGAGGAGCACATATCCCGTACGATGOTGAGGAGAAA
611 VI NYEVLVYSIKDQGEVYDY

181 ATAGTCCATANCTACGAGGTCCTAGTGTACTCGATCAMGACCAGGATTCGTAGACTGG
819 K ASNGNVPCNAYKTDNDEY

241 CAAARAGCTICCARTGGTARTGTACCCTGCARCGCTGTCAVRACGGACARCGACARGTAT
01y 6 R VEAEFGSLIPCEKLIDTACN

301 GTGGGACGEGTTTTTGCCTTTGGAAGTCTGATCCCGTGTARGATCGACACCGCGTGCANT
200 8 C A Y NG YDGKEUNTKDYEY

361 CACATOTGIGCCTACATGOGTTATGACGGGARAGRACACARCACGARGGATTATGARGTC
ML CN I K *

121 CICTGTANCATCAGTAG






OEBPS/Images/fimmu.2020.603270_cover.jpg
’ frontiers
in Immunology

Identification of a Novel Pattern
Recognition Receptor DM9 Domain
Containing Protein 4 as a Marker for

Pro-Hemocyte of Pacific Oyster

Crassostrea gigas





OEBPS/Images/fimmu-11-603270-g008.jpg
Predicted

Pro-hemocytes
@ s-comscrs
£
% nfection
L7 -
(d
Pro-hemocytes ¥

@ 'mmunological cell
Prolferating

T T
e

& Bacteria killing

+a5,






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-603270-g004.jpg





OEBPS/Images/fimmu-11-603270-g003.jpg
bt St ol | {

coousco.s






