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Abstract:

 The phosphatidylserine receptor (PSR) recognizes a surface marker on apoptotic cells and initiates engulfment. This receptor is important for effective apoptotic cell clearance and maintains normal tissue homeostasis and regulation of the immune response. However, the regulation of PSR expression remains poorly understood. In this study, we determined that interferon regulatory factor-1 (IRF-1) was dramatically upregulated upon viral infection in the fish cell. We observed apoptosis in virus-infected cells and found that both PSR and IRF-1 increased simultaneously. Based on a bioinformatics promoter assay, IRF-1 binding sites were identified in the PSR promoter. Compared to normal viral infection, we found that PSR expression was delayed, viral replication was increased and virus-induced apoptosis was inhibited following IRF-1 suppression with morpholino oligonucleotides. A luciferase assay to analyze promoter activity revealed a decreasing trend after the deletion of the IRF-1 binding site on PSR promoter. The results of this study indicated that infectious pancreatic necrosis virus (IPNV) infection induced both the apoptotic and interferon (IFN) pathways, and IRF-1 was involved in regulating PSR expression to induce anti-viral effects. Therefore, this work suggests that PSR expression in salmonid cells during IPNV infection is activated when IRF-1 binds the PSR promoter. This is the first report to show the potential role of IRF-1 in triggering the induction of apoptotic cell clearance-related genes during viral infection and demonstrates the extensive crosstalk between the apoptotic and innate immune response pathways.
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1. Introduction

The phosphatidylserine receptor (PSR) plays an important role in the clearance of apoptotic cells by recognizing phosphatidylserine (PS or PtdSer) on apoptotic cells and subsequently engulfing them. The PSR is the major receptor involved in apoptotic cell clearance during development [1] and is also associated with the phagocytosis of apoptotic cells in chronic pancreatitis [2]. PSR knockdown can result in the accumulation of large numbers of dead apoptotic cells in early embryos and can interfere with embryonic cell migration in zebrafish [3]. The protein size of mammalian PSR was previously reported to be approximately 48 kDa [4]. In addition to other species, zebrafish PSR (zfpsr) was cloned, and its nucleotide sequence was compared with corresponding sequences in mammals, such as humans (74%), and mice (72%) [3]. All macrophages, and indeed all phagocytes, recognize the marker PS, which is found on apoptotic cells. In normal live cells, PS is located in the inner cell membrane. When apoptosis is triggered by a stimulus, PS molecules are translocated from inside to the outer surface of the cell and act as signals for macrophages or other phagocytes to engulf the apoptotic cells [1,5]. PSR promotes phagocytes to take up tethered apoptotic cells with exposed PS molecules. Signals resulting from PSR-PS binding also leads to the secretion of immunosuppressive cytokines such as transforming growth factor beta (TGF-β) and possibly prostaglandin E2 (PGE2), interleukin-10 (IL-10), and platelet-activating factor (PAF), permitting PSR to act in an immunoregulatory capacity [6]. Therefore, PSR plays a dual role in both apoptotic cell clearance and anti-inflammation. Recently, it was confirmed that PSR serves as a membrane-associated receptor that regulates phagocytosis in immature macrophages and is actually expressed at the cell surface and regulates phagocytosis in immature monocyte-like activated human monocytic leukaemia (THP-1) cells [7]. However, the molecular and cellular mechanisms involved in the production of PSR as well as how this receptor exerts its effects in apoptotic cell clearance still remain unknown.

Apoptosis, or programmed cell death, is considered to be a physiological process that is involved in normal tissue turnover, which occurs during embryogenesis, aging, tumor regression, and as a consequence of immune effects, infection, or inflammation [8]. Cells undergoing apoptosis are eventually engulfed and digested by phagocytic cells [9]. Many studies have shown that host cells are induced to undergo apoptosis upon viral infection, and eliminated apoptotic cells are effectively cleared to maintain normal tissue homeostasis and regulation of the immune response. Based on the “waste disposal” hypothesis [10] and the “danger” hypothesis [11], a failure in apoptotic cell clearance can lead to the generation of plasma membrane-damaged cells (e.g., late apoptotic and necrotic cells) and the exposure of both immunostimulatory molecules and autoantigens to the immune system [10]. Based on our previous studies, infectious pancreatic necrosis virus (IPNV) infection can induce apoptosis through activating caspase-3, -8, -9 in salmonid and zebrafish cell lines, and apoptotic cells are engulfed by neighboring cells [12,13,14]. Therefore, the expression of PSR on these neighboring cells may promote the clearance of the apoptotic cells to eliminate plasma membrane-damaged cells. The Nakanishi group (2000) [15] previously studied apoptotic influenza A virus-infected cells and found that they are engulfed by macrophages; their results indicated that the apoptosis-dependent phagocytosis of virus-infected cells may lead to direct elimination of the viral pathogen. This study highlights the importance of apoptotic cell clearance to eliminate pathogens, either by neighboring cells or macrophages.

IPNV, which is the prototype virus of the family known as Birnaviridae, consists of a bi-segmented double-stranded RNA (dsRNA) molecule [16,17] and causes infectious pancreatic necrosis (IPN), a serious and contagious disease with high mortality, in salmonid fishes as well as a number of other non-salmonid fishes worldwide, resulting in severe losses in the aquaculture industry [18]. Due to the characteristic viral dsRNA intermediates, IPNV infection also mediates the interferon (IFN) pathway in salmonid cell lines [19,20,21,22,23]; activation of this pathway involves a general mechanism to induce the clearance of the viral infection. The IFN pathway triggers the synthesis of the IFN cytokines through janus kinase-signal transducer and activator of transcription (JAK-STAT) signal transduction. IFNs promote an antiviral state by inducing the myxovirus resistance (Mx) protein and other antiviral proteins [19]. This response represents an early host defense response and occurs prior to the non-specific immune response [19,24]. Most virus-infected cells are capable of synthesizing IFN-α/β, or the type I IFN system, in cell culture [24]; the type I IFN response plays a crucial role in the first line of defense against viral entry and infection through the secretion of IFN-α/β to protect uninfected cells from viral attack [20]. A variety of fish species, including salmonids, possess IFNs that have sequential similarity to mammalian type I IFNs [20,21,25].

IFN regulatory factors (IRFs), a family of transcription factors, play important roles in the IFN system during viral infections and other forms of cell stress [11,26]. In particular, interferon regulatory factor-1 (IRF-1) is indispensable for antiviral actions against certain viruses, including newcastle disease virus (NDV), encephalomyocarditis virus (EMCV), and Hepatitis C virus (HCV) [8,15,27], and this molecule is dramatically upregulated upon viral infection, treatment with double-stranded RNA, IFN stimulation, or treatment with other cytokines in a variety of cell types [27,28,29,30]. IRF-1 was the first IRF family member found to activate the IFN-β gene and is constitutively expressed in most cell types [28]. IRF-1 specifically binds to the upstream regulatory region of the human IFN-β gene and mediates virus-induced gene transcription [27], indicating that IRF-1 can exert its effects on genes by interacting with specific promoter regions. However, little is known about the mechanism by which IRF-1 activates the promoter of PSR upon viral infection. Given the role IRF-1 as a transcription factor, it has been presumed that increased IRF-1 expression is involved in the regulation of anti-viral gene expression, potentially including PSR.

To investigate the relationship between PSR and IRF-1 during viral infection, we wanted to investigate the structure of the PSR promoter. If the PSR promoter contained IRF-like binding sites for IRF-1, this would suggest that IRF-1 regulates PSR gene expression via promoter binding. Therefore, we were interested in understanding the transcriptional mechanism of PSR expression during viral infection. It is unknown whether IRF-1 plays a role in PSR induction during the viral infection. To expand our knowledge of PSR induction in salmonid cells during IPNV infection, we first confirmed the presence of apoptosis and the expression of PSR in infected cells. Simultaneously, we also found that IRF-1 increased constitutively during viral infection. We next cloned the promoter of PSR and studied PSR gene expression in response to different stimuli associated with viral infection or IFN treatment using either fluorescence or a luciferase reporter assay. Furthermore, we evaluated the effects of IRF-1 knockdown by deleting the PSR promoter and utilizing morpholino oligonucleotides. Our results suggested that IPNV infection induced both the apoptosis and the IFN pathways, and in particular IRF-1, which is involved in the latter pathway and is a regulator of PSR production that can exert anti-viral effects by promoting apoptotic cell clearance. Therefore, PSR expression in salmonid cells during IPNV infection might potentially be activated via IRF-1 binding to the PSR promoter. In the current study, we explored for the first time the potential role of IRFs in triggering the induction of PSR, an apoptotic cell clearance-associated gene, during viral infection, emphasizing the relevance of the relationship between apoptosis and the immune system.



2. Results and Discussion


2.1. Infectious Pancreatic Necrosis Virus (IPNV) Infection Induces Apoptosis and the Expression of Phosphatidylserine Receptor (PSR) in CHSE-214 Cells

The cytopathic effect (CPE) of IPNV infection (MOI = 1) among CHSE-214 cells was observed at 8 h post-infection (h.p.i) and was found to increase dramatically as time increased; obvious cell death was observed between 12 and 48 h.p.i (Data not shown). IPNV infection induced apoptosis in CHSE-214 cells, and this was confirmed with double staining of annexin V and propidium iodide (PI) in the infected cells. Three types of the cells were identified at 8 h.p.i: Annexin V staining of exposed phospatidylserine (PS) indicated an apoptotic cell, PI in the nucleus indicated a necrotic cell, and dual staining indicated a post-apoptotic necrotic cell (Figure 1A). In the flow cytometry analysis, PS-positive cells consistently increased in number, reaching 28.3% (p < 0.01) of the total cells at 12 h.p.i., and then the majority of cells shifted to necrosis at 24 h.p.i. However, the CHSE-214 cell is very susceptible to the E1S strain IPNV, most of the cell showed CPE at 36 and 48 h.p.i. It is hard to collect the cells for fluorescence-activated cell sorting (FACS) assay. Hence, we only present the data from 0–24 h.p.i. only (Figure 1B). To evaluate the viability of infected CHSE-214 cells, WST-1 assays were performed in triplicate, revealing that viability decreased gradually after 24 h.p.i., which corresponded to the peak in necrosis (Figure 1B,C). Additionally, viral replication was analyzed by detecting the expression of viral capsid protein with real-time qPCR (Figure 1D) and immunoblotting (Data not shown), allowing us to monitor the progression of IPNV replication in infected salmonid cells. Real-time qPCR for viral VP2, a major capsid protein of IPNV, indicated that replication peaked at 12 h.p.i. (Figure 1D). Immunoblots confirmed the expression of PSR in apoptotic CHSE-214 cells during IPNV infection, and indicated that the PSR protein was induced by viral infection starting at 8 h.p.i. and remained consistently elevated until 48 h.p.i. (Figure 2).

Figure 1. Apoptosis occurs in Infectious Pancreatic Necrosis Virus (IPNV)-infected CHSE-214 cells and viral replication reaches a peak at 12 h.p.i. (MOI = 1). (A) Annexin V and propidium iodide (PI) staining in infected CHSE-214 cells at 8 h.p.i.; three types of cells (pointed arrows) are delineated (scale bar = 100 μm). Annexin V-labeled cells indicated apoptosis, PI-labeled cells indicated necrosis, and double staining indicated post-apoptotic necrotic cells; (B) The infected cells were analyzed by flow cytometry for apoptosis, revealing a dynamic shift among the four types of cells. Double stained and PS-positive cells increased prior to 12 h.p.i., and then most cells became necrotic at 24 h.p.i. (* p < 0.05; ** p < 0.01; and *** p < 0.0001). All reported values have been corrected for background; (C) Cell viability was determined in triplicate by a WST-1 assay, which indicated that cell viability decreased after 24 h.p.i.; and (D) Real-time qPCR to determine the mRNA levels of viral VP2, a major capsid protein of IPNV. The results indicated high levels of replication among the infected cells that peaked and corresponded to the peak in apoptosis during IPNV infection. (** p < 0.01).
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Figure 2. PSR expression is induced by IPNV infection in CHSE-214 cells. PSR expression was analyzed with polyclonal anti-PSR or anti-β-actin (loading control) antibodies by immunoblot (upper panel). Normalized density were calculated and listed above. Cells were infected with IPNV (MOI = 1), and proteins were isolated from cells at the times indicated. PSR (48 kDa) and β-actin (45 kDa) were analyzed at 0, 4, 8, 12, 24 and 48 h.p.i. in lanes 1–6, respectively (0 h.p.i. as control). PSR proteins were detected starting at 8 h.p.i. and continuously increased until 48 h.p.i. The mRNA expression level was measured by real-time PCR in triplicate and normalized by β-actin. (lower panel) The data was expressed as the mean ± SD (* p < 0.05)
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2.2. The Analysis of the Interferon Regulatory Factor-1 (IRF-1) Binding Site on PSR Promoter

Induction of the interferon (IFN) pathway is a general mechanism to combat viral infection. To confirm that the rIFN-α pathway is activated by IPNV dsRNA, rIFN-α expression patterns were analyzed by real-time qPCR and immunoblotting (Figure 3A). Both tests implied that the rIFN-α gene was induced during IPNV infection. A previous report suggested that IRF-1 is involved in the rIFN-α downstream pathway and is induced by IPNV infection; therefore, we sought to confirm the presence of IRF-1 binding sites in the PSR promoter. Because the sequence of the salmonid PSR promoter is unknown, we selected the zebrafish PSR sequence to analyze the structure of the PSR promoter. Putative transcription factor (TF) binding sites were identified with the TFSEARCH program (score setting = 75). We found that there are two IRF-1 binding elements within the 900-bp sequence upstream of the putative transcription start site of zfPSR, and the consensus sequences (5'-G(A)AAAG/CT/CGAAAG/CT/C-3') of the IRF-1 transcription factor binding sites were located at positions −428 and −31 relative to the putative zfPSR transcription start site (Figure 4). We also demonstrated that IRF-1 proteins are constitutively expressed in cells during IPNV infection (Figure 3B).

Figure 3. (A) rIFN-α induction after IPNV infection was analyzed with polyclonal anti-rIFN-α or anti-β-actin (loading control) antibodies by immunoblot (upper panel). Normalized density were calculated and listed above. The cells were infected with IPNV (MOI = 1), and proteins were isolated at the times indicated. rIFN-α (17 kDa) and β-actin (45 kDa) were analyzed at 0, 4, 8, 12, 24 and 48 h.p.i. in lanes 1–6 (0 h.p.i. as the control). rIFN-α proteins were detected at 24 h.p.i; Lower panel showed the relative mRNA expression to β-actin of IFN-α by using real-time PCR. The data was expressed as the mean ± SD (* p < 0.05); and (B) CHSE-214 cells were infected with IPNV (MOI = 1) and lysed at the indicated times for immunoblotting analysis with polyclonal anti-IRF-1 or anti-β-actin (loading control) antibodies (upper panel); Normalized density were calculated and listed above. The results indicated IRF-1 (51 kDa) was stably expressed in the infected cells from 0–48 h.p.i. (0 h.p.i. as the control). Lower panel showed the relative mRNA expression to β-actin of IRF by using real-time PCR. The data was expressed as the mean ± SD (* p < 0.05).



[image: Ijms 15 19281 g003 1024]





Figure 4. The sequence showed that two putative IRF-1 binding sites are located in the PSR promoter (upper panel). Putative transcription factor (TF) binding sites were identified with the TFSEARCH program (score setting = 75). There are two potential IRF-1 binding elements in the zebrafish 900-bp PSR promoter, and the consensus sequences (5'-G(A)AAAG/CT/CGAAAG/CT/C-3') of the IRF-1 transcription factor binding sites were located at positions −428 and −31 (red) relative to the putative zfPSR translation start site (bent arrow). The codes and flanked numbers depicted in blue color represent the TFSEARCH transcription factor identifier and Threshold score, respectively. The green and purple codes showed the region of Goldberg-Hogness (TATA) box and CAAT box, respectively. The lower panel shows a schematic representation of the PSR gene promoter, and the positions of putative IRF-1 binding sites on the fragment are indicated by arrows.
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2.3. Effects of PSR Promoter Regulation on rIFN-α or IPNV Induction

To evaluate PSR promoter activity, we cloned the 900-bp PSR promoter into either a promoterless enhanced green fluorescent protein (EGFP) reporter gene vector or a promoterless luciferase reporter gene vector. The pPSRP:EGFP construct was transfected into CHSE-214 cells by electroporation and then induced with rIFN-α or IPNV for 24 h. rIFN-α exhibited approximately 60% sequence identity to salmon IFN for the region lying between amino acids 125 and 136 [31]. A test for rIFN-α induction of the PSR promoter construct was performed and indicated that 0.5 μg/mL was enough concentration for induction (data not shown). RNA viruses induce IFN production via their dsRNA intermediates; thus, the effects of viral infection on the PSR promoter were examined. For this purpose, the aquatic birnavirus IPNV was used, and an MOI of 1 was able to induce the PSR promoter by 2- to 3-fold at 24 and 48 h after infection (Figure 5C). With fluorescence microscopy, we observed PSR expression in PSR promoter-activated cells following induction with rIFN-α or IPNV (Figure 5A). Interestingly, we observed that PSR promoter-activated cells might be surrounded by the apoptotic cells, indicating that the PSR promoter-activated cells had the potential to engulf the apoptotic cells following rIFN-α or IPNV stimulation (Figure 5B). These results corresponded with our previous study [32] but also demonstrated that neighboring cells, which would engulf apoptotic cells, can express PSR to recognize PS on the surface of the apoptotic cells [32]. To evaluate the induction of the type I IFN pathway in activated cells, we harvested EGFP-activated cells and subjected them to real-time qPCR analysis to analyze the expression patterns of two downstream genes, Mx and IRF-1, which are both involved in the type I IFN pathway. We found that both of these genes were induced in pPSRP:EGFP expressing cells (Figure 5D), suggesting that type I IFN pathway is activated in response to viral infection and IRF-1 may possibly regulate the expression of PSR.

Figure 5. The PSR promoter can be induced by rIFN-α or IPNV in CHSE-214 cells. (A) CHSE-214 cells were transfected with the pPSRP:EGFP construct, stimulated with either rIFN-α (0.5 μg/mL) or IPNV (MOI = 1) for 24 h, and then visualized by fluorescent microscopy. The PSR promoter was activated by the stimuli (fluorescent green pointed by arrows; scale bar = 100 μm); (B) PSR promoter-activated cells (green) had the potential to engulf apoptotic cells (pointed triangle) in both rIFN-α or IPNV-stimulated cells (scale bar = 25 μm); (C) CHSE-214 cells were transfected with the pGL3-basic-PSRP construct, stimulated with either rIFN-α or IPNV for 24 and 48 h, and then evaluated with a luciferase assay. PSR promoter activity was expressed as fold induction of relative luciferase activity (RLU) compared to the promoterless vector and then compared with the values at 1 h. The data indicated that the PSR promoter was activated by the stimuli (* p < 0.05; ** p < 0.01; and *** p < 0.0001); (D) Mx and IRF-1 were induced in pPSRP:EGFP expressing cells as determinedby real-time qPCR. Relative expression is compared to beta-actin expression as internal control (* p < 0.05); and (E) Promoter activity of 900-bp PSR promoter and IRF-1-deleted PSR promoter. The left panel shows a schematic representation of the PSR gene promoter constructs. Full-length PSR promoter (−900 to −1) as well as various deleted fragments were inserted into the pGL3-basic plasmid with luciferase (Luc). Putative IRF-1 binding sites in the fragment are indicated by arrows and marked in red. PSR promoter activity in response to rIFN-α (0.5 μg/mL) was assessed 48 h after the addition of the cytokine and expressed as fold induction of relative luciferase activity (RLU) compared to the promoterless vector. Cells exposed to basal medium without the cytokine were used as a control. Luciferase assays (right panel) were performed in triplicate, and the data are expressed as the mean ± SD (* p < 0.05; ** p < 0.01; and *** p < 0.0001).
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Additionally, CHSE-214 cells were transfected with both the full-length (900 bp) PSR promoter and the truncated IRF-1 binding region in the pGL3-basic-PSRP construct. The following upstream PSR gene constructs were synthesized: pPSRP1-900, pPSRP1-600, and pPSRP1-434, which contain two IRF-1 binding sites; and pPSRP1-300, pPSRP1-150, and pPSRP409-600, which contain one IRF-1 binding site (Figure 5E, the left panel shows a schematic representation of the PSR gene promoter constructs). After transfection via electroporation, the cells were stimulated with either rIFN-α or IPNV and then evaluated with the luciferase assay. Full-length PSR promoter activity was higher in terms of relative luciferase activity (RLU) compared to the promoterless vector. The results of this luciferase assay indicated that the 900-bp PSR promoter was activated by the stimuli at 24 and 48 h.p.i. (Figure 5C). In the promoter deletion assay, we first analyzed the luciferase activity of pPSRP1-900, pPSRP1-600, pPSRP1-300, and pPSRP1-150 and found that both PSRP300-600 deletions resulted in reduced activity (Data not shown). This implied that important transcription factor binding sites were located in this region, and indeed, we found that it contains a putative IRF-1 binding element. Therefore, we further constructed various deleted fragments with one or two IRF-1 binding elements and analyzed them in the luciferase assay. IRF-1-deleted PSR promoter activity in response to rIFN-α (0.5 μg/mL) induction was assessed 48 h after the addition of the cytokine and exhibited greater induction in terms of relative luciferase activity (RLU) compared to the promoterless vector. Cells exposed to basal medium without the cytokine were used as a control. Figure 5E displays the luciferase activity of several different deleted constructs for rIFN-α-stimulated or untreated CHSE-214 cells, and all promoter constructs show increasing luciferase activity at 48 h after rIFN-α treatment. In this assay, induction was highest for those constructs that contained two IRF-1 binding sites, including pPSRP1-900, pPSRP1-600 and pPSRP1-434; and lower for pPSRP1-300, pPSRP1-150 and pPSRP409-600, which had just one IRF-1 binding element. Accordingly, these results indicated that PSRP300-434 was most important for PSR induction in the cells and this region potentially contained an IRF-1 binding site. The full-length 900-bp PSR promoter was induced by more than 20-fold, whereas the minimal 150-bp PSR promoter was induced by only 1.8-fold at 48 h after rIFN-α treatment. In addition, pPSRP409-600 exhibited expression that was similar to the minimal promoter construct pPSRP1-150. The expression of pPSRP409-600 was significant but not much higher than pPSRP1-150, which may indicated that the IRF-1-containing PSR promoter is important for PSR gene expression.



2.4. Effects of IRF-1 Knockdown on CHSE-214 Cells during IPNV Infection

To clarify the relationship between IRF-1 and PSR, IRF-1 was knocked down with morpholino oligos during IPNV infection. We delivered the salmon IRF-1 morpholino (10 μM) into CHSE-214 cells first by electroporation and then incubated the transfected cells for 18 h before IPNV infection (MOI = 1). The morpholino oligos were conjugated with fluorescein isothiocyanate (FITC) to enable easy observation of the delivery efficiency by fluorescence microscopy (Data not shown). After the IRF-1 morpholino was delivered into the cells, its inhibitory effects on IRF-1 were confirmed by real-time qPCR (Figure 6A) and immunoblotting. Both tests showed the reduction of IRF-1 mRNA and protein expression in IRF-1 morpholino-treated CHSE-214 cells during IPNV infection. Figure 6A shows IRF-1 mRNA expression with or without IRF-1 morpholino treatment following IPNV infection in terms of ΔCt value, which was normalized with the internal control (β-actin). The results indicated that IRF-1 mRNA expression was inhibited by approximately 38% with morpholino treatment. We next examined PSR expression in IRF-1 knockdown CHSE-214 cells during IPNV infection and found that PSR expression was delayed in IRF-1 knockdown cells during viral infection (Figure 6B, β-actin as internal control). All samples were probed with anti-PSR antibodies, and morpholino-treated samples exhibited delayed PSR expression until 24 h.p.i., whereas non-morpholino-treated samples expressed PSR earlier at 8 h.p.i. We also wanted to investigate viral replication under IRF-1-inhibited conditions. To analyze viral replication in IRF-1 morpholino-treated or untreated infected CHSE-214 cells, the expression of the major capsid protein VP2 of IPNV was evaluated by immunoblot. The viral VP2 protein was detected as early as 4 h.p.i. in infected CHSE-214 cells, and the expression of VP2 protein gradually transitioned from the precursor form, pVP2-1 (52 kDa), and intermediate form, pVP2-2 (50 kDa), to the mature form VP2 (46 kDa) between 8 and 48 h.p.i. (Figure 6B, lanes 3–6) in the infected cells. The morpholino-treated samples exhibited dramatically increasing expression of the VP2 protein between 8 and 48 h.p.i. in IRF-1 knockdown cells (Figure 6B, lower panel). Additionally, expression of the viral protein increased constitutively from 4–48 h after viral infection in non-morpholino treated cells (Figure 6B, upper panel).

Figure 6. Effects of IRF-1 knockdown on CHSE-214 cells during IPNV infection. (A) Real-time qPCR was used to determine the mRNA levels of IRF-1 with or without IRF-1 morpholino treatment following IPNV infection (MOI = 1). Expression were normalized to the internal control (β-actin) and is shown as the ΔCt value. The results indicated that IRF-1 mRNA expression was inhibited by approximately 38% with the morpholino; (B) Immunoblots of PSR or IPNV-VP2 expressionin IPNV-infected CHSE-214 cells (MOI = 1); The upper panels of (B) show the expression without IRF-1 morpholino treatment during infection, and the lower panels show the expression with IRF-1 morpholino treatment (10 μM, 18 h incubation) during infection. Lanes 1–6 correspond to 0, 4, 8, 12, 24 and 48 h.p.i., respectively (0 h as positive control, β-actin as internal control). PSR expression exhibited a delay in IRF-1 knockdown CHSE-214 cells compared to the control group (non-morpholino treated), whereas the IPNV viral protein VP2 dramatically increased in the same cells during IPNV infection; (C,D) Flow cytometry to analyze apoptosis or necrosis in CHSE-214 cells during IPNV infection. The data indicated that PS-positive cells and necrotic cells decreased in IRF-1 knockdown CHSE-214 cells (** p < 0.01; and *** p < 0.0001); and (E) Cell death was inhibited in IRF-1 knockdown CHSE-214 cells (lower panel), compared with control (upper panel) after IPNV infection (scale bar = 100 μm).
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The variation in the percentages of apoptotic and necrotic cells among IRF-1 morpholino-treated or untreated CHSE-214 cells was evaluated by flow cytometry during IPNV infection. The results showed that PS-positive cells (annexin V-stained) decreased in IRF-1 knockdown cells between 4 and 24 h.p.i. during IPNV infection (Figure 6C), and necrotic cells were also decreased in IRF-1 knockdown CHSE-214 cells at 8 and 24 h.p.i. (Figure 6D). The changes in morphology and mortality in IRF-1 morpholino-treated cells (Figure 6E, lower panel) were less severe than in non-morpholino cells (Figure 6E, upper panel) during IPNV infection, and these results hint that IRF-1 knockdown corresponds to reduced apoptotic cell death and necrotic cell death. Therefore, cell death was inhibited in IRF-1 knockdown CHSE-214 cells after IPNV infection, and IRF-1 might be required for the inhibition of viral replication. To evaluate viral titers in IRF-1 morpholino-treated CHSE-214 cells, we also determined the 50% tissue culture infective dose (TCID50) but found that no increase in the number of whole viral particles was detected after infection of the IRF-1 morpholino-treated cells compared to the non-morpholino-treated samples (Figure 7). This result implies that although viral replication is boosted in the IRF-1 morpholino-treated CHSE-214 cells, whole viral particles might not fully assemble to produce more viral particles.

Figure 7. Viral titers in IRF-1 knockdown CHSE-214 cells during IPNV infection. After IPNV infection, supernatants and cell lysates were harvested and titrated for 50% tissue culture infective dose (TCID50).
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Several defense mechanisms to combat viral infection have been elucidated among the innate immune responses in host cells. In general, a variety of mechanisms have evolved. One antiviral defense mechanism is the apoptosis of host cells to facilitate voluntary cell death and prevent viral replication and spreading. Additionally, the host cell can also induce protective antiviral immune responses via the release of interferon (IFN), a cytokine that can enhance the antiviral response and stimulate the immune response to limit the extent of viral infection. In this study, we used IPNV, an important fish pathogen belonging to the family Birnaviridae, to infect salmonid cells and investigated cellular defenses in host cells upon viral infection. IPNV infection primarily causes symptoms of cellular necrosis in fishes, but a previous study showed that infection can induce atypical apoptosis preceding necrosis in a salmonid fish cell line [33]. Specifically, this study demonstrated that infected cells first appeared apoptotic and subsequently switched to secondary necrosis following pre-necrosis in salmonid cells during IPNV infection. The present findings indicated that IPNV infection caused cell death in salmonid cells and that apoptosis preceded necrosis (Figure 1A,B). We observed that the CPE of the cells severely increased as the infection progressed (data not shown), and the viability of the infected cells dramatically decreased after 24 h.p.i. (Figure 1C), corresponding to the peak in necrosis in the infected cells (Figure 1B). Additionally, the presence of IPNV viral titers in the infected cells as detected by the TCID50 assay indicated that the viral replication rate reached a peak at 8 h.p.i during infection (Figure 8), and these data corresponded to previously published studies that indicate the total synthesis of virus-specific RNA reaches its maximum level between 8 and 10 h.p.i. [34].

Figure 8. TCID50 for viral titers in IPNV-infected cells. Totl viral particles were harvested from the medius as well as the cell pellets (M + C). The total number of viral particles was higher that the medius—Only viral particles (M) at each time point during the infection, while viral yields for both were equal at 48 h.p.i. The difference between (M + C) and (M) was due to the viral particles inside the nfected cells. Based on these results, viral replication rate reached a maximus inside the cells at 8 h.p.i. (point arrow). The time period between 8 and 10 h.p.i. represents the maximum total synthesis of virus-specific RNA.
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Elimination and clearance of virus-infected apoptotic cells is very important for host cell homeostasis and effective anti-viral action. Strikingly, previous results demonstrated that failure to engulf and remove these nearly dead cells may result in the survival of some cells, resembling the withdrawal from complete apoptosis. While such a reversal may not be of consequence in the context of the short lifespan of C. elegans, a similar reversal in fate for a human cell could be dangerous, as it could prevent the quick clearance of apoptotic cells [9]. Phagocytosis is a key process involved in eliminating virus-infected dying cells from an organism. Under normal physiological conditions, dying cells and pathogens are rapidly detected and removed by professional phagocytes such as macrophages and dendritic cells (DCs). In most cases, specific receptors on target cells are recognized and bound by phagocytes, triggering the intracellular signaling events required for phagocytosis [10,35]. Our previous study demonstrated that in addition to macrophages (professional phagocytes), which are capable of phagocytosing apoptotic cells, neighboring cells (non-professional phagocyte) were also capable of engulfing apoptotic salmonid cells during IPNV infection [32]. Moreover, several research papers have determined that the phosphatidylserine receptor (PSR) plays a crucial role in the clearance of apoptotic cells. PSR serves as a membrane-associated receptor that regulates phagocytosis, and this has been confirmed in immature macrophages; additionally, this receptor has other functions when expressed in the cytosol and nuclei of mature macrophage-like cells [7]. Therefore, we hypothesized that IPNV-induced apoptotic salmonid cells could be engulfed by neighboring cells via PSR binding with phosphatidylserine (PS). Although the mechanism of PSR induction is not yet clear, the type I IFN response is a general mechanism that is induced by viral infection, and thus we proposed a model suggesting a possible connection between them.

IFNs play an important role in innate immunity by inhibiting the replication and spread of pathogens, such as viruses, bacteria and parasites. Additionally, IFNs are key modulators of the immune response and exert anti-proliferative effects in some cell types. As a result, IFNs are used clinically to treat certain viral infections as well as some cancers and auto-immune diseases [11]. IFNs are commonly grouped into two categories: Type I IFNs, also known as viral IFNs, including IFN-α and IFN-β, which are induced by viral infection, and type II IFN, also known as immune IFN or IFN-γ, which is induced by mitogenic or antigenic stimuli [19,32]. Robertsen B et al. (2003) [31] determined that IFN was induced by poly I:C treatment in the head kidneys of Atlantic salmon, and salmonid IFN-α1 promoted the induction of the antiviral protein Mx in CHSE-214 cells. This suggested that the type I IFN system existed in fishes as well as in mammals. We determined that the IFN pathway was induced by IPNV dsRNA, and PSR expression was also elevated upon IPNV infection in our system (Figure 2 and Figure 3A). Interestingly, rIFN-α proteins were induced early during IPNV infection but were not detected after 24 h.p.i. (Figure 3A). This suggests that IPNV may be able to inhibit IFN signaling in fish cells and has evolved mechanisms to overcome IFN responses [32,36,37]. Therefore, the virus may have its own strategies to combat cellular defenses, such as the secretion of proteins that can control cellular apoptotic processing by regulating the expression of related genes to promote a suitable environment for viral replication in host cells.

Cells secrete type I IFNs in response to viral infection following the elevated activity of various transcription factors (TFs) including the interferon regulatory factor (IRF) family [28,38], which regulates innate response gene transcription as transcriptional activators or repressors depending on the target gene and their binding partners [39]. Nine members of the mammalian IRF family (IRFs 1–9) are known, and in particular, mammalian IRF-1, IRF-3 and IRF-7, are known to regulate the expression of type I IFNs, which are the cytokines involved in antiviral defense in response to virus-mediated signaling [11,26,36]. During viral infection, IRF-3 plays an early role in inducing the transcription of IFN-β, which in turn induces the expression of IRF-7 and then promotes the transcription of members of the IFN-α gene family, thereby creating a positive-feedback loop that boosts the host antiviral response [38]. IRF-1 is also induced by IFNs after IRF-3 and IRF-7 induction and hence it is located more downstream than IRF-3 and IRF-7 in the type I IFN signaling pathway [19,26,36,38,40]. Based on this, we analyzed the promoter of PSR and found that there were IRF-1 binding elements located 900 bp upstream of the PSR gene that might constitute the specific transcription factor binding region because the repetitive sequence that might be an enhancer region of the PSR gene was located farther upstream. The putative IRF-1 binding sites in the PSR promoter suggested that IRF-1 can regulate PSR gene expression via promoter binding, during viral infection (Figure 2 and Figure 4). Some variation between PSR protein levels and mRNA levels (data not shown) may be explained by the insufficient specificity of the primers used for PSR gene detection, which were designed from the zebrafish sequence because the sequence of salmon PSR is unknown.

After locating the PSR promoter, which promotes PSR gene expression during IPNV infection, we tried to elucidate the transcriptional mechanism of PSR by analyzing the TF binding sites in the promoter. Because the sequence of the salmonid PSR promoter is unknown, we selected the zebrafish sequence despite the differences between the two genes. Zebrafish IRF-1 displayed 40%–84% similarity to other fishes and 35%–39% similarity to other vertebrate IRF-1 sequences. We were still able to identify putative IRF-1 binding sites in the zebrafish PSR promoter. In addition, both PSR and IRF-1 were elevated after IPNV infection independent of the immunoblot results (Figure 2 and Figure 3) or the qPCR results. As the zebrafish PSR promoter contained putative IRF-1-binding sites, we tested whether rIFN-α or IPNV could induce the PSR promoter. We cloned the 900-bp promoter of zebrafish PSR and transfected it into salmonid cells following by IPNV infection or rIFN-α treatment to induce promoter activity. The data in Figure 5A–C indicated that the PSR promoter was activated either by IPNV infection or rIFN-α treatment. Furthermore, we deleted the full-length PSR promoter and then observed that luciferase activity decreased with decreasing promoter length.

To clarify the relationship between PSR and IRF-1, we used an IRF-1-deleted PSR promoter construct and translation-blocking IRF-1 morpholinos to reduce the expression levels of IRF-1 in salmonid cells during viral infection and observed the effects after knockdown. When the IRF-1-deleted PSR gene promoter was analyzed, a markable decrease in the promoter activity was observed when the IRF-1 binding site from −434 to −300 was deleted, and pPSRP409-600 showed similar effects compared to the minimal promoter pPSRP1-150 but exhibited slightly higher promoter activity (Figure 5E). These results suggested that the IRF-1 binding site in the PSR promoter is crucial for PSR gene expression. Additionally, we determined that the expression of IRF-1 was suppressed during IPNV infection (Figure 6A) after salmon IRF-1 morpholino oligos were transferred into the salmonid cells. Simultaneously, the PSR expression was delayed until 24 h.p.i., whereas the non-morpholino treated samples expressed PSR earlier at 8 h.p.i. (Figure 6B), and viral protein replication dramatically increased IRF-1 knockdown CHSE-214 cells (Figure 6C). Therefore, it can be assumed that PSR expression in salmonid cells during IPNV infection is induced through IRF-1 regulation. The variations in the percentages of virus-induced apoptosis and necrosis in IRF-1 knockdown CHSE-214 cells were quantitated with flow cytometry. The results indicated that the number of PS-positive cells decreased markedly in IRF-1 knockdown cells during IPNV infection (Figure 6D), and the number of necrotic cells also decreased in IRF-1 knockdown CHSE-214 cells at 8 and 24 h.p.i. (Figure 6E). However, the morphology and mortality of IRF-1 morpholino-treated cells changed, and the CPE was less severe compared to non-morpholino cells during IPNV infection (Figure 6F).These results indicated that IRF-1 knockdown corresponds to reduced apoptotic cell death and necrotic cell death. Therefore, cell death is inhibited in IRF-1 knockdown CHSE-214 cells after IPNV infection, whereas viral replication is boosted, and it can be suggested that IRF-1 is required to inhibit viral replication. Conversely, the results obtained with the IRF-1 morpholino demonstrate that IRF-1 is required for virus-induced apoptosis, which corresponds with the data of MT Stang et al. (2007) [41], who showed that IRF-1 can induce ligand-independent FADD/caspase-8-mediated apoptosis in breast cancer cells despite the fact that they used IFNγ as an inducer. Thus, IRF-1 is required for apoptosis induction. In general, IRF-1 activity does not lead to cell death, whereas it promotes apoptosis under certain physiological and pathological conditions (e.g., DNA damage or viral stimuli) [26,40]. Overall, IRF-1 knockdown in infected cells will inhibit the IPNV-induced cytopathic effect as well as IPNV-induced apoptotic and necrotic events, thus increasing IPNV viral protein yields. Strikingly, viral titers measured by TCID50 in IRF-1 knockdown cells did not reveal increased numbers of whole replicated viral particles in the culture medium (Figure 7). However, we could not provide a full answer to this phenomenon in this study. This interesting question requires further experimentation in future research.




3. Experimental Section


3.1. Cells, Virus and Infection

Chinook salmon embryo cells (CHSE-214) obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) were grown at 18 °C in Eagle’s minimum essential medium (MEM, Sigma–Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS, invitrogen, Auckland, NZ, USA), 100 IU penicillin, and 0.1 mg/mL streptomycin (Gibco, Carlsbad, CA, USA). The aquabirnavirus used in this study, IPNV E1-S, a member of the Ab strain of IPNV, was isolated from a Japanese eel (Anguilla japonica) in Taiwan [42]. It was propagated in CHSE-214 cells at a multiplicity of infection (MOI) of 0.01, and the infected cultures were incubated at 18 °C until extensive cytopathic effect (CPE) was observed. When the CPE was observed after 5 days of post-infection (p.i.), the culture supernatants were harvested and stored at −80 °C until challenge. The supernatant viral titer was determined using an infectivity assay and was calculated as 1 × 108 TCID50/mL. A multiplicity of infection (MOI) of 1 was used for all live IPNV experiments.



3.2. Prediction of Transcription Factor (TF) Binding Sites in the Zebrafish PSR Promoter

Transcription factor binding sites in the zebrafish PSR promoter were predicted with the TFSEARCH version 1.3 software (Parallel Application TRC Laboratory, RWCP, Gokasho, Japan) [43]. The salmon PSR promoter sequence is not available, and therefore the zebrafish promoter was used for further studies. This sequence was obtained from the Sanger Institute zebrafish genomic database (sequence from [44]; Ensembl Gene ID: ENSDARG-00000034358; Figure 4).



3.3. Plasmids for Fluorescence and Luciferase Assays

Genomic DNA was extracted from ZFLT cells (zebrafish liver cell line) using the Genomic DNA Mini Kit (Geneaid, Taipei, Taiwan). The 5' flanking region of the PSR gene was PCR-amplified with Platinum®Taq DNA polymerase HiFi (Invitrogen, Carlsbad, CA, USA) using a PSR promoter forward primer and a reverse primer (sequence from Ensembl Gene ID: ENSDARG-00000034358). PCR conditions consisted of 94 °C for 2 min followed by 35 cycles of 94 °C for 30 s, 52 °C for 1 min, and 68 °C for 1 min, with a final extension at 72 °C for 10 min. The expected 900 bp fragment was obtained. Gel-purified fragments (Qiaquick Gel Extraction Kit, Qiagen, Hilden, Germany) were cloned into the pGEM®-T Easy Vector (Promega, Madison, WI, USA) and confirmed by DNA sequencing. The plasmid was then digested with restriction enzymes (Figure 4), subcloned into the promoterless pEGFP-1 Vector (BD Biosciences Clontech, San Jose, CA, USA) or pGL3-Basic vector (Promega, Madison, WI, USA), and confirmed by sequencing. Truncated constructs were generated by PCR using the full-length sequence as a template; these are shown in Figure 5E. For the fluorescence assay, 0.5 μg pPSRP:EGFP construct was transiently transfected into 105 CHSE-214 cells per well by electroporation (MicroPoration MP-100, Life Technologies, Carlsbad, CA, USA); cells were then stimulated with either saImon recombinant rIFN-α [45] (0.5 μg/mL) or IPNV (MOI = 1). For the luciferase assay, 0.5 μg pGL3-basic-PSRP construct and 10 ng Renilla luciferase plasmid (as an internal control) were transiently co-transfected into 105 CHSE-214 cells per well by electroporation and then stimulated with either 0.5 μg/mL rIFN-α or IPNV (MOI = 1). The Dual Luciferase Assay Kit (Promega, Madison, WI, USA) was used to analyze PSR activation. All data are presented as the fold increase in relative luciferase activity (RLU) compared to the promoterless vector, and experiments were performed in triplicate. Statistical significance between the treatment and control groups was analyzed using Student’s t test (p < 0.05).



3.4. Morpholino Treatment

The morpholino utilized was obtained from Gene Tools, LLC (Philomath, OR, USA). The sequence was designed by Blossom Biotechnologies Inc. (Taipei, Taiwan) based on gene accession number EF067841, and the sequence was as follows: IRF-1-MO, 5'-TCATTCTCATCCTAgACACAggCAT-3' (3' labeling with FITC, fluorescein isothiocyanate). The control morpholino was CCTCTTACCTCAGTTACAATTTATA (Gene-Tools, Philomath, OR, USA). Morpholino oligos were solubilized in nuclease-free water at a concentration of 2 mM and diluted in nuclease-free water to 500 μM for use. We delivered 20 μL morphlino oligos with 6 μL Endo-Porter Gene Tools and 1 mL 10% serum medium in a 6-cm Petri dish, and the final concentrations of these were 10 and 6 μM, respectively. After 18 h of morpholino oligos treatment, we infected cells with IPNV and then performed immunoblotting and flow cytometry analysis.



3.5. WST-1 Assay for Quantification of Cell Viability

For cell viability assays, CHSE-214 cells were seeded in 24-well tissue culture plates and grown to partial confluence (80%). After IPNV infection (MOI = 1), cell viability was measured by a colorimetric assay that was based on the cleavage of the tetrazolium salt WST-1 (Roche, Mannheim, Germany) by using mitochondrial dehydrogenases. Each sample was harvested in 200 μL MEM with 20 μL WST-1 reagent. The optical densities (O.D.450 and O.D.690) of each sample were measured with a Bio-Rad 680 microplate reader (Bio-Rad, Hercules, CA, USA), and the data were calculated at the wavelengths 450 and 690 nm (Abs.450 minus Abs.690) and are presented as the means ± standard deviation (SD) of three repeats. Statistical significance between treatment and control groups was analyzed using Student’s t test (p < 0.05).



3.6. Flow Cytometric Analysis

CHSE-214 cells (1 × 105) were stained for Annexin V and Propidium iodide (PI) (Annexin V-FLUOS Staining Kit, Roche, Mannheim, Germany) and then analyzed with a BD FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA). Four groups were recognized and represented live, apoptotic, post-apoptotic necrotic and necrotic cells. The live cells were not stained with any dyes; the apoptotic cells were stained only with Annexin V on exposed phosphatidylserine (PS) (green); post-apoptotic cells were stained with both dyes (green and red); and the necrotic cells were stained only with Propidium iodide (PI) in the nucleus (red). Samples were then analyzed with BD FACS Diva Software (BD Biosciences, San Jose, CA, USA), and background correction was performed. The data are presented as the means ± SD of three repeats. Statistical significance between the treatment and control groups was analyzed using Student’s t test (p < 0.05).



3.7. Immunoblotting

CHSE-214 cells (1 × 105) were cultured in a 6-cm Petri dish, subsequently incubated either with or without IRF-1 morpholino and then further infected with IPNV (MOI = 1) at 18 °C for 0, 4, 8, 12 and 24 h. At each time point, cells were collected and solubilized in 150 μL RIPA buffer containing 25 mM Tris–HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS and complete protease inhibitor (Roche, Mannheim, Germany). The samples were then sonicated, boiled with sample buffer (Fermentas, Vilnius, Lithuania), subjected to SDS-polyacrylamide gel electrophoresis on denaturing 12% or 15% polyacrylamide gels (depending on protein size), transferred to polyvinylidene difluoride (PVDF) membranes, blocked overnight with 5% nonfat milk, and reacted with antibodies against PSR, β-actin, IRF-1, rIFN-α and IPNV whole proteins (Sigma, St. Louis, MO, USA and Santa Cruz, TX, USA). The membranes were rinsed in phosphate-buffered saline with Tween 20 (PBST), reacted with anti-rabbit, anti-mouse, anti-goat immunoglobulins conjugated to horseradish peroxidase (HRP) and developed with an enhanced chemiluminescence Western blot detection system Kit (Thermo, Vernon Hills, IL, USA).



3.8. Real-Time Quantitative PCR

The total RNA of CHSE-214 cells was harvested at each time point from a 6-cm Petri dish, isolated with 1 mL TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and then extracted with 0.2 mL chloroform followed by 0.5 mL isopropanol and 1 mL ethanol; RNA was finally dissolved in 30 μL nuclease-free water. Sixty four nanograms of total RNA were used to quantify gene expression levels using a Roche Lightcycler® 480 (Roche Applied Science, Mannheim, Germany). Real-time reverse transcription-polymerase chain reaction (RT-PCR) amplification for cDNA synthesis was performed with the High Capacity cDNA Archive Kit (ABI, Applied Biosystems, Grand Island, NY, USA) under the following conditions: 25 °C for 10 min, 37 °C for 2 h, and finally 85 °C for 5 s. The primers for quantitative PCR and RT-PCR were designed with Primer 3 (version 0.4.0, Whitehead Institute for Biomedical Researchproducer, Cambridge, MA, USA, [46]). Quantitative PCR using ABI Fast SYBR® Green Master Mix was performed for 50 cycles with cycling conditions of 3 s at 95 °C and 30 s at 60 °C. The real-time PCR signals were analyzed in a multiplex format using Roche Lightcycler® 480 software (Version 1.2.9.11; Roche Applied Science, Mannheim, Germany). The house keeping gene salmon beta-actin gene was used for normalization. The data are presented as the means ± SD in triplicate. Statistical significance between treatment and control groups was analyzed using Student’s t test (p < 0.05).




4. Conclusions

The PSR gene expression is involved in IRF-1 regulation and also determines viral expression. Neighboring cells express PSR and promote the engulfment of apoptotic cells (Figure 5B). Therefore, these results suggests that PSR actually plays a crucial role in the clearance of apoptotic cells and promotes antiviral effects to facilitate the removal of the pathogen. Through PS-PSR binding, PSR initiates signaling events within the phagocytes that lead to the activation of the Rho GTPases Rac1, Cdc42 and WASp for cytoskeletal reorganization, allowing corpse internalization and signaling through this receptor. PSR also leads to the secretion of immunosuppressive cytokines such as TGF-β and possibly PGE2, IL-10, and platelet-activating factor (PAF) [6,10]. Moreover, the inhibition of IRF-1 causes a decrease in IPNV-induced apoptosis and delayed expression of PSR in IRF-1 knockdown cells during infection. Therefore, IRF-1 plays a dual role in regulating the induction of apoptosis and PSR during viral infection, and apoptosis precedes and subsequently promotes PSR expression. This is the first study to demonstrate the relationship between the apoptosis-related gene PSR and the immune-related transcription factor IRF-1, which exhibits a novel mechanism for PSR induction. IPNV can activate IRF-1, possibly through the type I IFN pathway activated by viral dsRNA, and can regulate PSR expression in CHSE-214 cells. The possible regulatory mechanism occurs via IRF-1 binding to the PSR promoter to activate PSR expression. In Figure 9, we describe a cellular defense mechanism following IPNV infection in CHSE-214 and provide an overview of the molecular mechanisms and immunological outcomes of apoptotic cell removal and further pathogen clearance. It has been suggested that IRF-1 is one of the principal host regulatory factors involved in cellular responses to combat viral infection via apoptosis and in the clearance of viruses from apoptotic cells via PSR induction. Taken together, IRF-1 potentially may play a key role in linking the immune response and apoptosis during viral infection, and the coexistence of phagocytic cells with virus-infected apoptotic cells could affect the extent of viral assembly. Our study should serve as a potential model to study viral pathogenesis and elucidate virus–host interactions.

Figure 9. The cellular defense mechanisms induced by IPNV infection in CHSE-214 cells. After IPNV infection, two cellular defense mechanisms are induced: One is the apoptosis pathway, the other is the interferon pathway. Apoptosis is induced in some CHSE-214 cells via the caspase pathway and the transfer of PS from the inner to the outer cellular membrane. The exposed PS acts as an engulfment signal to induce PSR in neighboring cells via IRF-1 regulation. PSR is located on the surface of the neighboring cell and recognizes the exposed PS on the apoptotic cell. PSR-PS binding promotes the clearance of the apoptotic cell and inhibits viral replication to promote anti-viral effects. The up and down red arrows indicate the genes which were up-regulated or down-regulated by IPNV infection respectively.
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