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Duck HMGB2 Mediates Signaling Pathways in the Innate Immunity of Hosts Against Viral Infections
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High-mobility group box 2 (HMGB2) belongs to the HMG-box family that participates in a variety of biologic processes. Recent studies have suggested that HMGB2 plays an important role in the innate immunity of fish. Cherry Valley duck is the main duck bred for meat consumption in China, but there is limited research available on the impact of duck HMGB2 (duHMGB2) in antiviral innate immunity. Here, duHMGB2 genes were first cloned and analyzed from the spleen of Cherry Valley ducks. We show that duHMGB2 is widely distributed in most tissues of healthy ducks, and duHMGB2 was differentially expressed in three organs (the spleen, brain, and lung) of ducks during different viral infections. duHMGB2 is mainly expressed in the nucleus of duck embryo fibroblast (DEF) cells. However, duHMGB2 is released into the cytoplasm after viral infection. DuHMGB2 induced expression of several genes that regulate the immune response. Moreover, duHMGB2 activated and upregulatede transcription factor NF-κB promoter activity. We also used single gene manipulations (knockout or overexpression) to confirm that duHMGB2 can inhibit the replication of duck plague virus, duck Tembusu virus, and the novel duck reovirus in DEF cells. These data show that duHMGB2 can activate the antiviral innate immunity of the host. Thus, duHMGB2 may be considered an immune adjuvant against infectious diseases in duck.
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INTRODUCTION

High-mobility group box 2 (HMGB2) belongs to the HMG-box family and its translated protein contains two HMG-box domains and a highly acidic C-terminal tail (1). duHMGB2 is a member of the highly conserved non-histone DNA-binding protein family (2). The HMG-box families are highly conserved and exist widely in most species; HMGB2 is preferentially expressed in male germ cells. In mammals, the sequence identities of HMGB1, HMGB2, and HMGB3 are more than 80%, but previous experiments have shown that HMGB proteins have independent functions. For example, HMGB1 knockout mice die shortly after birth because of hypoglycemia, but HMGB2 knockout mice are viable, although male mice have reduced fertility (3).

The innate immune system includes a series of cells and related mechanisms that can non-specifically fight foreign infections. Cells of the innate immune system will non-specifically recognize and act on pathogens. Pattern recognition receptors (PRRs) are members of recognition molecules that are mainly located on the surface of innate immune cells and can recognize one or more pathogen-associated molecular patterns (PAMPs) (4). Pattern recognition receptors such as toll-like receptors (TLRs) and retinoic acid-inducible gene I (RIG-I)-like helicases (RLRs) are activated when pathogenic microorganisms invade the organism. Activated receptors can trigger downstream signal transduction pathways to produce type I interferons (IFN-Is) and pro-inflammatory cytokines to induce antiviral responses (5, 6). Previous studies have shown that HMGB proteins are ligands that cause inflammation and can sense nucleic-acid-mediated immune responses. The HMGB proteins function as universal sentinels for nucleic acids and recognize PRRs (discriminative sensing) to activate nucleic-acid-induced innate immune responses (7, 8).

Duck Tembusu virus (DTMUV) is positive-sense single-stranded RNA virus that reduces egg production by 60–80% (9). Duck plague virus (DPV) is an enveloped and double-stranded DNA virus that belongs to the family Herpesviridae. The novel duck reovirus (NDRV) is a non-enveloped and double-stranded RNA virus that belongs to the Reoviridae family. These viruses have contributed to major economic losses in China's duck industry (10, 11). Therefore, an in-depth study of the innate immune mechanism of ducks is particularly important for exploring new models of antiviral infection treatment. We previously showed that duck HMGB1 can activate the host's innate immune response to achieve a broad-spectrum antiviral effect (12). More recent studies have shown that HMGB2 participates in the innate immune response of fish, has immunomodulatory properties, and mediates antiviral innate immune responses (13, 14). Thus, it is meaningful to investigate whether the HMGB2 in ducks also mediates the antiviral innate immune response. Future studies will provide a new potential therapeutic target for duck viral infections.



MATERIALS AND METHODS


Virus Strains and Cells

The DTMUV-FX2010 strain, NDRV, and DPV-GM strains were used in this study as previously described (12). Duck embryo fibroblast (DEF) cells derived from 11-day-old duck embryos were cultured in Dulbecco's modified Eagle's medium (DMEM) (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (TransGen, Beijing, China). All cells were cultured at 37°C with 5% (v/v) CO2.



Animal Experiments

One-day-old ducks were purchased from a farm near Tai'an, China and bred in the isolator until they were 3 weeks old. Serum samples from 1-day-old ducks were tested by ELISA to verify that all ducks were serologically negative for DTMUV. All ducks were also negative for NDRV and DPV via a quantitative real-time polymerase chain reaction (qRT-PCR). We first randomly divided the ducks into four groups (n = 20 for each group). Three of these groups were virus-infected (DTMUV-infected, NDRV-infected, and DPV-infected); and the fourth group was used as a control. In the virus-infected groups, 0.3 mL of virus stock solution (DTMUV, NDRV, and DPV) was intramuscularly injected into each duck. The virus titers of DTMUV, NDRV, and DPV were determined in DEF-infected cells. To facilitate the experimental protocol, the virus titers were diluted to 105.3, 104.2, and 106.5 TCID50/mL. The infection doses of DTMUV, NDRV, and DPV were chosen based on previous experimental infection doses (11, 15, 16).

In the control group, each duck was intramuscularly injected with 0.3 mL of physiological saline. Continuous observation was continued for 5 days except for the dead ducks. Five live ducks were euthanized in each group (three virus-infected groups and one control group) on the first, third, and fifth day after inoculation to collect three organs (the spleen, brain, and lung). All tissue samples were stored at −80°C for subsequent extraction of total RNA. The other five ducks from each virus-infected group were used to observe the clinical symptoms and the fatality rate after virus infection. In addition, we selected five 3-week-old healthy ducks to collect lymph, circulation, digestion, respiration, urinary, and central nervous tissues including bursa, spleen, heart, glandular stomach, intestine, trachea, lung, kidney, and brain for total RNA extraction. The expression of duHMGB2 was determined by qRT-PCR.



Cloning and Analysis of the duHMGB2

Total RNA was extracted from the spleen of healthy ducks using the TRIzol method, and RNA was reverse transcribed into cDNA using the HiScriptRII One Step RT-PCR kit (Vazyme, Nanjing, China). To obtain a full-length coding sequence of duHMGB2, primers (Table 1) were designed according to the predicted sequence (accession number, XM_027456410.1) in Gene Bank. The coding region gene of duHMGB2 was then ligated into pMD19-T vector (Takara, Dalian, China) and sequenced. A phylogenic tree of duHMGB2 was constructed using MEGA 5.1 with the neighbor-joining method.


Table 1. Primer sequences used for gene cloning in this study.
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Plasmid Construction and Cell Transfection

The DNA fragment containing the open reading frame (ORF) of duHMGB2 was subcloned into pcDNA3.0(+)-Flag to construct the eukaryotic expression plasmid of duHMGB2. DEF cells were seeded in 6-well plates, and 2 ug of plasmid was transiently transfected into DEF cells at 80% confluence with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).



Western Blotting

DEF cells were seeded into 6-well plates, and pcDNA3.0(+)-duHMGB2-Flag and pcDNA3.0(+)-Flag were transfected into DEF cells at 80% confluence. After incubating at 37°C for 24 h, the medium was discarded, washed 3 times with phosphate buffered solution (PBS), and whole cell lysate was prepared using a RIPA lysate containing a protease inhibitor. The sample was diluted with 5 X SDS-PAGE loading buffer and boiled for 10 min. Samples were separated on a 12% SDS-PAGE gel and transferred to a polyvinylidene fluoride (PVDF) membrane (Solarbio, Beijing, China) and blocked with 5% skim milk powder overnight at 4°C. The membrane was incubated with mouse anti-Flag antibody (ProteinTech, Shenzhen, China) for 2 h at 37°C, washed three times with PBST, and incubated with secondary antibody at 37°C for 45 min. After three additional washing steps with PBST, protein bands were visualized with an ECL kit (Bio-Rad, United States).



Indirect Immunofluorescence Assay

DEF cells were seeded in 24-well culture plates plated with cell climbing slices for the immunofluorescence assay (IFA). The plasmid was transfected into DEF cells and washed twice with PBS after 24 h. DEF cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100 for 10 min. The cells were then incubated with mouse anti-Flag antibody (ProteinTech, Shenzhen, China) for 1 h at 37°C and then incubated with fluorescein isothiocyanate (FITC)-anti-mouse IgG (Transgen) for 45 min at 37°C. Finally, the cell climbing slices were removed. After sealing with mounting medium, the cells were observed under a laser scanning confocal microscope.



Quantitative Real-Time PCR

The treated cell samples were extracted with total RNA via the TRIzol method, and the RNA was reverse transcribed into cDNA according to the reverse transcription kit instructions. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was selected as the housekeeping gene, and quantitative real-time PCR (qRT-PCR) primers were designed using Primer Express software (Applied Biosystems Incorporated, Foster City, CA, USA; Table 2). qRT-PCR was performed with ChamQTM SYBR® qPCR Master Mix (Vazyme, Nanjing, China) to detect the relative expression of the target genes using the primer sequences in Table 2. The PCR amplification was performed in a LightCycler96® (Roche Diagnostics GmbH, Mannheim, Germany) with cycling conditions as follows: 95°C for 30 s, 40 cycles of 5 s at 95°C, and 30 s at 55°C followed by a dissociation curve analysis step. All reactions were performed in triplicate.


Table 2. The primer sequences of qRT-PCR.
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RNA Interference

Three interfering RNA-targeting HMGB2 sequences were purchased from GenePharma (Shanghai, China); the sequences of the synthesized small interfering RNA (siRNA) are shown in Table 4. Three interfering RNA and negative control (NC) interfering RNA were transfected into DEF cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The DEF cells were seeded in 6-well plates and transfected with 2 μg/well of siRNA. Their interference efficiencies were analyzed by q-RT-PCR after 36 h of transfection.


Table 3. Reference sequences information.
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Table 4. Sequences of small interfering RNA.
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Dual-Luciferase Reporter Assay

DEF cells were cultured overnight at 37°C in 24-well plates. When the cells reached 80% confluence, the expression plasmid or empty vector (500 ng/well), reporter plasmid (pGL3-IRF7-Luc and pGL3-NF-κB, 100 ng/well) (4), and pRL-TK plasmid (50 ng/well; Promega, Madison, WI, USA) were co-transfected into DEF cells by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). We constructed the reporter plasmids (pGL3-IRF7, pGL3-NF-κB-luc) as follows using the promoter sequence of the avian (chicken) for IFN-β: CCT CCA GTA CAG CCA CCA CAT GGT CTC ACC TTG CCA GAC TCA AGA GAA GCC TGA AGG AAA AAA GCA AAT AGA AAG CAA AAC GAA AAA TGG AAA CAA GGG AAT TCT CTC TAC ATA ATG ATG AAA AGA AAC ATG CAA CAT CTC ATA AAG CTG GCC TCA CTG CAA CAC CCC AAAC. The chicken IRF-7 (chIRF-7) binding positive regulatory domains were predicted by the TFSEARCH: Searching Transcription Factor Binding Sites. The pGL3-chIRF-7-Luc contains four copies of the IRF-7-positive regulatory domain motif of the chicken IFN-β promoter upstream of a luciferase reporter gene (sequence: TTC ACT TTC AAT A). According to the manufacturer's instructions (Promega, Madison, WI, USA), luciferase activity was measured at 48 h post-transfection (hpt) using the dual-luciferase reporter assay system.



Statistical Analysis

The relative expression of genes was calculated using the 2−ΔΔCT method during qRT-PCR data processing. The data in the experiment were evaluated with Excel software to determine the means and SE of each group of data. SPSS19.0 software was used to analyze the difference between each group of data. The data with only two groups were tested via an independent sample student's t-test with P < 0.05 indicating a significant difference.




RESULTS


Characterization of duHMGB2

The cloning primers were designed with reference to the duck's HMGB2 predicted sequence (GenBank accession number: XM_027456410.1) in NCBI, and the HMGB2 CDs sequence was amplified from the spleen of healthy Cherry Valley ducks using the primers (Table 1). Figure 1A shows that the coding region of duHMGB2 contains an ORF composed of 624 nucleotides encoding 207 amino acids (aa). The accession number of this sequence on GenBank is MT598189. The amino acid sequence of duHMGB2 was predicted and analyzed by SMART software, and it presented the typical structure of HMGBs: two functional domains that bind to DNA and an acidic C-terminus domain (183–202aa) (Figure 1B). Box A (3–75aa) is located at the N-terminus, and box B (89–159aa) is located in the middle of the molecule. The phylogenetic tree of HMGB2 was constructed with MEGA5.0 software. The duHMGB2 is marked with a red circle in the phylogenetic tree in Figure 1C. The duHMGB2 phylogenetic tree is constructed from the aa sequences (CDs) of 18 different species including mammals, birds, and reptiles. The phylogenetic tree shows that duHMGB2 has the highest homology with the Mallard and Prowl duck species predicted on NCBI and has lower homology with mammals and reptiles. Analysis with DNAMAN software found that duHMGB2 had 100% sequence homology with Anas platyrhynchos, 94.39% homology with the Gallus, 82.86% homology with Homo sapiens, and 82.46% homology with Mus musculus. This is consistent with the phylogenetic tree.


[image: Figure 1]
FIGURE 1. Characterization of duHMGB2. (A) Amino acid multiple sequence alignment of duHMGB2. Amino acid alignment was determined by the Clustal X program and edited with Boxshade. HMGB2 sequences are shown for the human (Hu), mouse (Mu), chicken (Ch), and Cherry Valley duck (Du). Black shading indicates amino acid identity and gray shading indicates similarity (50% threshold). (B) The protein motifs of duHMGB2 were analyzed using SMART. (C) The phylogenetic tree is based on duHMGB2 homologs. The neighbor-joining tree was generated using MEGA 5.0, and a 1,000-replicate bootstrap analysis was performed. The scale bar is 0.05. The GenBank accession numbers for each species are shown in Table 3.




Distribution of duHMGB2 in Healthy Duck Tissues

The distribution of the duHMGB2 gene in 21 healthy duck tissues was analyzed by qRT-PCR. Figure 2 shows that while duHMGB2 was expressed in all 21 tested tissues, there are obvious differences in the expression levels of different tissues. The expression level of duHMGB2 in the trachea was 101.5-fold higher than the expression of duHMGB2 in the glandular stomach. The expression of duHMGB2 was weak in the cerebellum, brainstem, and kidney. These results indicated that duHMGB2 was extensively distributed in the host and may play an indispensable role in the host's innate immune response.


[image: Figure 2]
FIGURE 2. Tissue distribution of duHMGB2 transcripts in healthy Cherry Valley ducks. The relative mRNA levels were normalized to the expression of the GAPDH gene from various tissues. Each result represents the expression level of duHMGB2 relative to the glandular stomach in the test tissue. Values are the mean value ± SE of three experiments.




Expression of duHMGB2 in Virus-Infected Ducks

To explore whether duHMGB2 is involved in the host antiviral immune response to virus-infected ducks, the expression of duHMGB2 mRNA in the spleen, brain, and lung was detected by qRT-PCR at 1, 3, and 5 days post-infection (dpi) (Figure 3). Following DTMUV infection in ducks, duHMGB2 was significantly up-regulated at 1 dpi in the lungs (9.7-fold, P < 0.01). The upward trend was then reduced; the sample was finally up-regulated by 6.5-fold at 5 dpi. During NDRV infection, duHMGB2 was significantly up-regulated in the spleen at 3 dpi (13.2-fold, P < 0.001). The expression level of duHMGB2 in the lung was highest at 1 dpi (5-fold, P < 0.001), and the expression level in the brain was up-regulated with an increase of 6.4-fold at 5 dpi. However, the up-regulation of duHMGB2 expression in the test organs was compared to control ducks was not very significant during DPV infection.


[image: Figure 3]
FIGURE 3. Expression of duHMGB2 in the three tissues and serum of virus-infected ducks. The relative mRNA levels were normalized to the expression of the GAPDH gene from various tissues. Each result represents the expression level of duHMGB2 relative to the glandular stomach in the test tissue. Values are shown as the mean value ± SE of three experiments. *P < 0.05; **P < 0.01; ***P < 0.001.




Subcellular Localization of duHMGB2 in DEF Cells

Figure 4A shows the western blotting results, which indicate that the duHMGB2 recombinant eukaryotic expression plasmid was successfully expressed in DEF cells. Furthermore, the confocal microscopy data showed that duHMGB2 was mainly located in the nucleus of DEF cells, and only a small part was located in the cytoplasm (Figure 4B).


[image: Figure 4]
FIGURE 4. The recombinant duHMGB2 plasmid is mainly expressed in the nucleus of DEF cells. (A) Western blot detection after the recombinant plasmid pcDNA3.0 (+)-duHMGB2-Flag was transfected into DEF cells. The left lane is the control group, and the right lane is the experimental group. (B) Indirect immunofluorescence of duHMGB2 subcellular localization. The primary antibody is mouse anti-Flag antibody, and the secondary antibody is FITC-labeled goat anti-mouse IgG antibody (green). Nuclei were counterstained with DAPI (blue). All scale bars represent 10 μm.




Spatial and Temporal Distribution of duHMGB2 Localized by IFA and Confocal Microscopy in DEF Cells

We next investigated the sub-localization of duHMGB2 in DEF cells after infection with DPV, DTMUV, and NDRV. DEF cells were treated with the three viruses or PBS after transfection with pcDNA3.0(+)-duHMGB2-Flag plasmid. We found that duHMGB2 transferred to the cytoplasm after the viral infection as seen by IFA and confocal microscopy (Figures 5B–D). Vacuoles appeared in the cells over time, and the number of vacuoles was the largest in cells at 36 h post-infection (hpi) (Figure 5).


[image: Figure 5]
FIGURE 5. Spatial and temporal distribution of duHMGB2 in DEF cells. (A) Control group: Immunofluorescent imaging of DEF cells transfected with pcDNA3.0(+)-duHMGB2-Flag plasmid. (B–D) Viruses-infected groups: (B) DEF cells transfected with pcDNA3.0(+)-duHMGB2-Flag plasmid and infected with 10 TCID50/mL DPV; (C) DEF cells transfected with pcDNA3.0(+)-duHMGB2-Flag plasmid and infected with 10 TCID50/mL DTMUV; (D) DEF cells transfected with pcDNA3.0(+)-duHMGB2-Flag plasmid and infected with 10 TCID50/mL NDRV. duHMGB2 appears in green, and DAPI in blue. All scale bars represent 10 μm.




The Innate Immune Response in DEF Cells With Overexpression of duHMGB2

To further study duHMGB2-induced innate immune responses, the pcDNA3.0(+)-duHMGB2-Flag or pcDNA3.0(+)-Flag (empty vector) were transfected into DEF cells. At 48 h after transfection (hpt), the cells were collected and examined for gene expression. The mRNA expression of TLR3, TLR4, OAS, PKR, Mx, IFN-β, TNF-α, and IL-6 were significantly upregulated with the overexpression of duHMGB2 in DEF (Figure 6). The ISGs including Mx, PKR, and OAS were significantly upregulated, and the most obvious increase was in PKR (10.3-fold, P < 0.001). The expression levels of proinflammatory cytokines (TNF-α, IL-1β and IL-6) were upregulated, and the mRNA expression levels of TNF-α and IL-6 were significantly increased by 5.2-fold (P < 0.01) and 7.2-fold (P < 0.01), respectively. These changes indicated that duHMGB2 overexpression could induce the production of antiviral proteins and proinflammatory cytokines.


[image: Figure 6]
FIGURE 6. Overexpression of duHMGB2-induced changes in immune genes. The 2−ΔΔCT method with GAPDH as the internal reference gene was used to calculate the change in gene expression. The data were expressed as the mean ± SE of three experiments. Student's t-test used to analyze the differences between two groups. *P < 0.05; **P < 0.01; ***P < 0.001.




Overexpression of duHMGB2 Activates the NF-κB Signaling Pathway

PcDNA3.0(+)-duHMGB2-Flag and empty vector (control group) plasmids were co-transfected with reporter plasmids (pGL3-IRF7, pGL3-NF-κB-luc) with pRL-TK (normalization) to detect the effect of duHMGB2 on downstream gene expression. Cells were harvested after 48 hpt, and luciferase activity was measured. Figure 7 shows that overexpression of duHMGB2 in DEF cells had no significant effect on the IRF-7 promoter activity. However, duHMGB2 significantly activated NF-κB luciferase activities vs. empty vectors (5.7-fold at 48 hpt, P < 0.05).


[image: Figure 7]
FIGURE 7. duHMGB2 activates NF-κB promoter activity. The promoter activity was detected using the dual luciferase reporter gene assay. The control group was set to 1 to calculate the fold change relative to the firefly luciferase activity. Student's t-test was used to analyze the differences between the two groups. *P < 0.05.




The Antiviral Ability of duHMGB2 in Infected DEF Cells

PcDNA3.0-duHMGB2-Flag (experimental group) and pcDNA3.0-Flag (control group) were transfected into DEF cells. After 24 h, these cells were infected with 10 TCID50/mL virus (NDRV, DPV, and DTMUV), and the culture supernatants were collected at 12, 24, 36, and 48 hpi. The relative fluorescent PCR method was used to compare the changes of the expression levels of related viral genes in the experimental group relative to the control group.

Figure 8 shows that the expression level of viruses (NDRV, DTMUV, and DPV) in DEF cells transfected with pcDNA3.0-duHMGB2-Flag was lower than that of the control group during the experimental period. These results indicate that duHMGB2 has a good spectrum of antiviral effects. The antiviral effect of duHMGB2 on DTMUV was more pronounced. For example, the expression of DTMUV in the experimental group was reduced by 3.4-fold vs. the control group at 48 hpi (P < 0.05).


[image: Figure 8]
FIGURE 8. Antiviral assay of duHMGB2 in DEF cells. Fold-changes in DPV, DTMUV, and NDRV gene expression were calculated using the 2−ΔΔCT method with GAPDH serving as a normalization gene. Data represent the means ± SE of three experiments. *P < 0.05; **P < 0.01; ***P < 0.001.




Analysis of Antiviral Ability After Knocking Down duHMGB2

Figure 9A shows that both Si-duHMGB2-2 and Si-duHMGB2-3 can significantly inhibit the expression of duHMGB2, and the interference efficiency of Si-duHMGB2-2 is higher. Therefore, Si-duHMGB2-2 was chosen for subsequent experiments. Si-NC and Si-duHMGB2-2 were transfected into DEF cells. After 36 h, cells were infected with 1 TCID50/mL virus (DPV, DTMUV, and NDRV). The results showed that the expression of DPV, DTMUV, and NDRV in the DEF cells experimental group increased at all time points vs. the control group (Figures 9B1–3). For example, at 12 hpi, the expression levels of DPV, DTMUV, and NDRV increased by 9.8-fold (P < 0.05), 4.3-fold (P < 0.001), and 3.8-fold (P < 0.05), respectively. These observations show that knocking down the expression of duHMGB2 in DEF cells increases the replication of DPV, DTMUV, and NDRV in DEF cells.


[image: Figure 9]
FIGURE 9. (A) The RNA interference efficiency of duHMGB2-2 is 50.4%. siRNA for duHMGB2 and siRNA control were transfected, and DEF cells were cultured for 36 h. The duHMGB2 expression levels were normalized to the GAPDH gene and calculated using the 2−ΔΔCt method. Data are represented as the mean value ± SE of three experiments. (B) The duHMGB2 knockdown increases the replication of DPV, DTUMV, and NDRV. The virus released into the supernatant was measured by qRT-PCR 36 h after transfection with siRNA. Data was calculated with the 2−ΔΔCt method using GAPDH RNA as the reference gene. Two-tailed Student's t-tests were used to analyze the differences between the two groups. Data are expressed as means ± SE of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.





DISCUSSION

The HMGB family belongs to chromatin-associated non-histone proteins (17). HMGB1 and HMGB2 have been implicated in numerous cellular processes including proliferation, differentiation, DNA replication, recombination, repair, transcription, inflammation, tumor migration, and cell signaling (1, 8, 18, 19). The results show that duHMGB2 can activate the antiviral innate immunity of the host, and our results provide an explanation for the biological function of HMGB2.

Previous studies have shown that HMGB2 was present in all cultured cells and was abundant in the thymus. However, HMGB2 expression changed as mice aged. In adult mice, HMGB2 is mainly expressed in the lymphoid organs and testes (20). Our results show that duHMGB2 was widely distributed in healthy duck tissues, and the duHMGB2 expression was highest in the trachea. This suggests that the expression of HMGB2 varies enormously across different tissues and species. These differences suggest that duHMGB2 protein may directly or indirectly participate in the host's natural antiviral immune response.

In host immunity, HMGBs respond to bacterial/viral PAMP challenge as a sensor (8). Once released into the extracellular environment, HMGBs behave as a sensor activating different PRRs such as TLRs and RLRs (7, 21, 22). TLRs and RLRs interact differently with TRIF, MyD88, and IPS-1 to phosphorylate IRF3/7 or NF-κB resulting in the expression of IFN-I and cytokines (23).

An in-depth study of HMGB2 has shown that HMGB2 plays a role in innate immunity and adaptive immune response, but there are relatively few studies on the innate immune role in host antiviral infection. Therefore, this study cloned the duHMGB2 gene isolated from the spleen of a Cherry Valley duck and compared it with the HMGB2 sequences across various species to detect the genetic relationships via a phylogenetic tree. The results showed that Cherry Valley duck HMGB2 had the highest homology with mallard ducks followed by chickens; there was less homology with mammals and reptiles.

The duHMGB2 was mostly expressed in the nucleus and transferred to cytoplasm after viral infection. Bonaldi et al. (24) found that HMGB1 has two nuclear localization sequences and cellular localization of HMGB1 in monocytes can be regulated by a nuclear re-shuttling mechanism and (de)acetylating activities that switch a chromatin protein into a cytokine in response to inflammatory stimuli.

Previous studies have shown that extracellular HMGB1 binds to TLR4 and leads to the activation of NF-κB mediated by MyD88 (25). Chicken HMGB1 is involved in NDV-induced NF-κB activation and the associated inflammatory response (26). qRT-PCR results show that overexpression of duHMGB2 in DEF cells induced a strong expression of TLRs (TLR3 and TLR4) and anti-viral molecules (PKR, OAS, and Mx) as well as INF-I and pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6). This release indicates that duHMGB2 can play an important role in the innate immunity of the duck host response against virus infection and can activate the host immunity and enhance the antiviral effects. We also show that duHMGB2 overexpression in DEF cells can significantly activate NF-κB luciferase activities. However, the functional cooperation between these species requires further research.

Previous research has shown that Cynoglossus semilaevis HMGB2 possesses immunoregulatory properties that promote resistance against bacterial and viral infection (27). Two sets of experiments were designed to further analyze whether duHMGB2 has antiviral replication effects on duck disease virus: a duHMGB2 overexpression experimental group and a duHMGB2 knockdown experimental group. We then analyzed the level of duck disease virus gene expression in the experimental group and the control group. We used positive and negative directions to verify that duHMGB2 had an antiviral replication effect on DPV, DTMUV, and NDRV. This may be because duHMGB2 activated the innate immune system; the specific mechanism requires further research and discussion.

In summary, duHMGB2 is the homolog of HMGB2 and was cloned and characterized from the Cherry Valley duck. We found that it has extensive in vivo expression and is involved in the immune response to DPV, DTMUV, and NDRV infection. In vitro reconstitution experiments showed that duHMGB2 can activate the host innate immune signaling pathways that govern IFN-mediated antiviral immune response. These results offer important clues for understanding the role of duHMGB2 in innate immunity; duHMGB2 is expected to provide potential therapeutic targets for eradication of infectious diseases in ducks.
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