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Neuraminidases (NAs) of H9N2 avian influenza virus (AIV) and H3N2 human seasonal influenza virus (HSIV) share similar antigenic structures. However, there are few reports on epitopes shared by these two NAs. We previously reported a monoclonal antibody (mAb) 1G8 against the NA of H9N2 AIV with neuraminidase inhibition (NI) ability. In this study, 1G8 was shown to cross-react with and inhibit the NA of H3N2 HSIV. In a passive transfer experiment, 1G8 provided protection to mice challenged with rescued H1N2 viruses carrying H9N2 NA or H3N2 NA. Mutation at amino acid position 199 was also selected and proved to be crucial for H3N2 HSIV to escape from mAb 1G8. Moreover, we found that residue 199 contributed to inducing broad protective antibodies without the influence of the N-linked glycosylation at amino acid position 200 in NAs. Residues as residue 199, which are not shielded by glycosylation modification, would form ideal epitopes for developing universal vaccine and protective antibodies.
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INTRODUCTION

H9N2 subtype avian influenza virus (AIV) is one of the most prevalent influenza viruses in poultry and has caused substantial economic loss in poultry production (Bi et al., 2020; Carnaccini and Perez, 2020). Although H9N2 AIV infections in humans were rarely reported, the neuraminidase (NA) and other internal genes have been involved in generation of many highly pathogenic influenza viruses (Lin et al., 2000; Gao et al., 2013; Gu et al., 2014; Jianzhong et al., 2014; Liu et al., 2018). H3N2 subtype influenza virus is a human seasonal influenza virus (HSIV) and predominates in recent influenza seasons. H3N2 HSIV infection can cause severe respiratory system injury in humans, especially in the elderly (Kissling et al., 2017). Although H9N2 AIV and H3N2 HSIV share the same N2 subtype, there were few reports on same antigenic epitopes between them but universal epitopes among all subtypes of NAs (Doyle et al., 2013; Stadlbauer et al., 2019).

Neuraminidase is an important surface protein and antigen of influenza virus, which is a tetramer structure and plays an important role in helping newborn virus release from infected cells (Varghese et al., 1983). In the case of preexisted vaccination, antibodies targeting the NA active center can block the releasing of newborn virus (Eichelberger and Wan, 2015). However, as flexible as hemagglutinin (HA), NA can also escape from antibodies and inhibitors by amino acid mutations (Sandbulte et al., 2011; Wang et al., 2021). Many amino acid positions of H9N2 NA have been reported to be involved in escape from monoclonal antibodies (mAbs) and antibody pressure induced by vaccines (Wang et al., 2021). To control H3N2 HSIV, the best-matched strains for vaccination are updated every year, but antigenic drifts in NA have also been reported to help virus evade from the humoral immunity (Wan et al., 2019; Powell and Pekosz, 2020).

Conserved epitopes in HA and NA are crucial for developing universal influenza vaccines (Krammer and Palese, 2013; Wohlbold and Krammer, 2014). However, even if HA or NA belongs to the same subtype, the evolutionary directions might be different because of being prevalent in diverse hosts and exposed to various vaccinations (Lee et al., 2019). H9N2 AIV and H3N2 HSIV share the same N2 subtype and homologous sequences, while there were few reports on similar antigenic structure between them. In the present study, mAb 1G8 against the NA of H9N2 AIV was proved to cross-react with the NA of H3N2 HSIV and protect mice from viral challenge. Our research may facilitate the development of protective antibodies against N2 subtype AIV and HSIV in future.



MATERIALS AND METHODS


Viruses, Cells, and Monoclonal Antibodies

A/Chicken/Jiangsu/H1/2019 (JSH1) H9N2 virus (accession numbers: MN515351 and MT459203) was isolated from poultry in China (Wang et al., 2021). A/Canine/Jiangsu/06/2010 (JS06) H3N2 virus (accession number: JN247616 to JN247623) was isolated from canine in China (Lin et al., 2012). All viruses were grown in 9-day-old embryonated SPF chicken eggs. Allantoic fluid of each virus was harvested at 120 h postinoculation and stored at −70°C. Madin-Darby canine kidney (MDCK) cells, African green monkey kidney-originated COS-1 cells, and human lung carcinomatous A549 cells were maintained in DMEM supplemented with 10% FBS at 37°C in 5% CO2. mAbs 1G8 and A7E6 were prepared as previously described (Wang et al., 2021). Ascitic fluid of each mAb was prepared in 8-week-old mice and purified with protein G column (GE, Boston, MA, United States).



Reassortant Viruses Rescued by Reverse Genetics

Reassortant viruses were rescued by reverse genetics as previously reported (Shao et al., 2015). NA gene of A/Chicken/Jiangsu/H1/2019 (JSH1) H9N2 virus was amplified by reverse transcription-polymerase chain reaction (RT-PCR). NA gene of A/Beijing/PUMCH06/2017 (PUMCH06) H3N2 virus (accession number: MG759370.1) was synthetized by GenScript Co., Ltd., Nanjing, China. The NA genes and the other seven genes (HA, PA, PB1, PB2, NP, NS, and M) of A/Puerto Rico/8/34 (PR8) H1N1 virus were cloned into the pDP2002 vector by the Exnase II (Vazyme, Nanjing, China). The reassortant viruses rgH1N2(JSH1) and rgH1N2(PUMCH06) were rescued by transfection in COS-1 cells. Briefly, 1 μg of each plasmid was transfected into COS-1 cells with 16 μl of TransIT®-LT1 Transfection Reagent (Mirus, Madison, WI, United States). The culture medium was changed into Opti-MEM with 2 μg/ml TPCK-Trypsin at 6 h posttransfection. The recued viruses in supernatants of transfected cells were collected at 72 h posttransfection. Nine-day-old SPF eggs were used for expended culture of rescued viruses. Allantoic fluid of each virus was collected on the fifth day postinoculation and preserved at −70°C for further research.



Immunofluorescence Assay

Briefly, COS-1 cells infected with viruses were fixed with cold acetone-alcohol at 48 h post-infection. After incubation of mAb 1G8 for 30 min, the fixed cells were washed three times with PBS and incubated with FITC conjugated goat anti-mouse-IgG(H + L) antibody (Jackson Immunoresearch, PA, United States) as secondary antibody. After 30 min, the cells were washed three times again and observed under inverted fluorescence microscopy (Olympus, Tokyo, Japan).



Viral Growth Kinetics

A549 cells in 6-well plates were infected with rgH1N2(JSH1) and rgH1N2(PUMCH06) at a multiplicity of infection (MOI) of 0.01, respectively. The supernatants from the infected cells were collected at 12, 24, 36, 48, 60, and 72 h post-infection, and the viruses were titrated by median tissue infective dose (TCID50) assay in MDCK cells as previously described (Jin et al., 2019). Briefly, the collected supernatants were serially diluted from 10–1 to 10–11 with Opti-MEM medium that contained 2 μg/mL TPCK-treated trypsin. MDCK cells in 96-well plates were infected with diluted virus. Three days later, HA titer of each well was tested with 0.5% chicken red blood cells and TCID50 was calculated according to Reed-Muench assay.



Neuraminidase Inhibition Assay

The inhibition of NA activity by 1G8 was measured with enzyme-linked lectin assay (ELLA) and 4-(methylumbelliferyl)-N-acetylneuraminic acid (Mu-NANA) assay as previously described (Wan et al., 2016).

In ELLA, mixtures of serial-diluted mAb and predetermined viruses were incubated in fetuin (Sigma-Aldrich, Shanghai, China) coated wells at 37°C for 16 h. After washing with PBST for six times, peanut agglutinin conjugated with peroxidase (PNA-HRP) (Sigma-Aldrich, Shanghai, China) were added and incubated at room temperature for 2 h. The plates were washed with PBST for six times, followed by addition of tetramethylbenzidine (TMB) substrate. The reaction was finally stopped with 1% SDS and absorbance at OD650 was read.

In Mu-NANA assay, mixtures of serial-diluted mAb and predetermined viruses were incubated in black 96-well plate at 37°C for 30 min. Mu-NANA substrate (Sigma-Aldrich, Shanghai, China) was added and incubated for 1 h at 37°C. The reaction was finally stopped with 0.2 M Na2CO3 and read with excitation range 350–365 nm and emission range 440–460 nm.



Mice Experiments

For mice experiments, the BALB/c mice were purchased from Experimental Animal Center of Yangzhou University (Yangzhou, China). All animal experiments were done in accordance with the institutional animal care guidelines, and the protocol (number 06R015) was approved by the Animal Care Committee at Yangzhou University.

In the prophylactic experiment, eleven 6-week-old BALB/c mice per group were first intraperitoneally injected with 5 mg/kg mAb, and 2 h later, mice were anesthetized with 0.2 mL 1.25% avertin by intraperitoneal injection and infected with rgH1N2(JSH1) and rgH1N2(PUMCH06), respectively, at a dose of 107 TCID50 by intranasal inoculation. On day 3 and 6 post-infection, three mice from each group were euthanized, and lungs were collected and the viral load in the lungs was titrated in MDCK cells by TCID50 assay. The lung tissues with representative pathological changes collected at the sixth day post-infection in prophylactic experiment were fixed with 4% paraformaldehyde for histopathological analysis. The other five infected mice in per group were monitored daily for body weight loss and any clinical signs. The mice with the body weight loss more than 25% were euthanized.

In the therapeutic experiment, five 6-week-old BALB/c mice per group were anesthetized and infected with rgH1N2(JSH1) and rgH1N2(PUMCH06) with a dose of 108 TCID50 by intranasal inoculation. Mice of each group received 5, 2.5, 1, 0.5 mg/kg mAb 1G8 or 5 mg/kg mAb A7E6 by intraperitoneal injection at 48 h post-infection. The body weight of each group was monitored daily. The mice with the body weight loss more than 25% were euthanized.



Selection of Monoclonal Antibody Escape Mutants

Escape mutants of rgH1N2(PUMCH06) and JS06 H3N2 canine influenza virus (CIV) were selected with mAb 1G8 as previously reported (Wang et al., 2021). Briefly, 50 μL allantoic fluid of each virus was incubated with 0.5 mL mAb at 37°C for 30 min and then inoculated into 9-day-old SPF embryonated chicken eggs. Allantoic fluid of the virus was collected on 5th day post-inoculation and NA gene of each virus was amplified with RT-PCR assays for sequencings. Mutant viruses were cloned by limiting dilution in 9-day-old embryonated chicken eggs and plaque assay, followed by further NA sequencing.



Sequence Alignments and Phylogenetic Analysis

Twenty-two NA amino acid sequences (accession number: ABP49330.1, AJM70556.1, ALM05426.1, ANG55885.1, ALT67802.1, AQS25225.1, AEM75969.1, ACD88721.1, ADP07897.1, AHZ43615.1, AGG81752.1, AGG83215.1, ASV60611.1, AGG8 2970.1, AGG83292.1, CAC69608.1, AKF35396.1, AQS26225.1, AFC35440.1, AFC35430.1, AKC43905.1, and AGX84936.1) belong to 11 different NA subtypes were analyzed using multiple sequence alignment by MEGA X.1 The phylogenetic tree was constructed with MEGA X in neighbor-joining method and 1000 boot-strap replicates.



Statistical Analysis

The data analysis was performed by GraphPad Prism v.5 (GraphPad Software Inc.). All results of viral growth, NI assays and mouse experiments were indicated as the mean ± SEM.




RESULTS


Monoclonal Antibody 1G8 Inhibits Enzymatic Activity of H9N2 and H3N2 Neuraminidase

Rescued reassortant viruses rgH1N2(PUMCH06) and rgH1N2(JSH1) were generated with NA gene of JSH1 H9N2 virus or PUMCH06 H3N2 virus and 7 other genes of PR8 H1N1 virus. Rescued viruses were tested with mAb 1G8 in immunofluorescence assay (IFA) (Figure 1A). The IFA results showed that mAb 1G8 reacted with both rgH1N2(PUMCH06) virus and rgH1N2(JSH1) virus but not PR8 virus, indicating that mAb 1G8 could recognize NAs of not only H9N2 AIV but also H3N2 HSIV.
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FIGURE 1. Generation of rgH1N2 viruses and reactivity to mAb 1G8. (A) Reactivity of mAb 1G8 to rgH1N2(JSH1), rgH1N2(PUMCH06), and H1N1(PR8) viruses in IFA. (B) Viral growth kinetics of rgH1N2 viruses in A549 cells. (C) NI activity of mAb 1G8 to rgH1N2 viruses measured by ELLA and Mu-NANA assay. The mAb A7E6 was used as negative control. All data of viral growth kinetics and NI assay were performed with Graphpad Prism v.5 and represented as mean ± SEM.


rgH1N2(PUMCH06) and rgH1N2(JSH1) exhibited similar replication kinetics in A549 cells (Figure 1B), which indicated that recombinant viruses with either avian-origin or human-origin N2-subtype NA can grow well in A549 cells. rgH1N2(JSH1) viruses had slightly lower reproduction level than rgH1N2(PUMCH06) in A549 cells at first 24 h postinfection, but rgH1N2(JSH1) viruses posed comparatively higher titers of viruses after 36 h postinfection.

In NI assays, mAb 1G8 showed significant inhibition effect on rgH1N2(JSH1) virus both in ELLA and Mu-NANA assay (Figure 1C). Although mAb 1G8 posed weaker inhibition activity to NA of rgH1N2(PUMCH06) virus compared with that to rgH1N2(JSH1) virus, significant inhibition to NA of rgH1N2(PUMCH06) virus can take place at high concentration of mAb 1G8, especially in ELLA. In the negative control group, mAb A7E6 cannot inhibit NA activity of the rgH1N2 viruses even at very high concentration. Results of NI assays implied that mAb 1G8 can inhibit NA activity of not only current H9N2 AIVs but also prevalent H3N2 HSIVs.



Monoclonal Antibody 1G8 Protects Mice Against Viruses Bearing H9N2 and H3N2 Neuraminidase

To test if mAb 1G8 has protective activity in vivo, we assessed the efficacy in prophylaxis and therapy of mAb 1G8 against recombinant H1N2 viruses in mice. In the prophylactic experiment, 1G8 provided 100% protection at a dose of 5 mg/kg for mice challenged with 107 TCID50 of rgH1N2(JSH1) or rgH1N2(PUMCH06) (Figures 2B,D). The continuous weight losses of mice in 1G8 group infected with two viruses were only observed at the first 4 days, and the body weight recovered quickly right about less than 90% (Figures 2A,C). Whereas, the body weight of the negative control group, which was treated with mAb A7E6, continuously decreased on the first week and only one mouse in each group recovered on the second week.
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FIGURE 2. In vivo protective effect of mAb 1G8 in prophylactic experiment. The mean percentage of the mice body weight (A) and the survival curves (B) of BALB/c mice (n = 5 per group) treated with mAb 1G8 or mAb A7E6 after challenge with 107 TCID50 rgH1N2(JSH1) viruses. The mean percentage of the mice body weight (C) and the survival curves (D) of BALB/c mice treated with mAb 1G8 or mAb A7E6 after challenge with 107 TCID50 rgH1N2(PUMCH06) viruses. Viral titers in lungs of mice treated with mAb 1G8 or mAb A7E6 were determined on days 3 and 6 postinfection of 107 TCID50 rgH1N2(JSH1) viruses (E) or rgH1N2(PUMCH06) viruses (F). The p-values were calculated using two-way ANOVA using Dunnett’s multiple comparisons test with a 95% CI (ns, not significant; *p < 0.05; ***p < 0.0001). (G) Histological analysis of lungs from uninfected mice and infected mice treated with mAb 1G8 or mAb A7E6. The photos were taken in 100-fold magnification.


The administration of mAb 1G8 also resulted in a reduction of viral load in lungs of the challenged mice (Figures 2E,F). Especially for the 1G8 group infected with rgH1N2(JSH1) virus, two of three mice were viral positive in lungs at third day postinfection, and only one viral positive in lungs collected at sixth day postinfection was detected. Consistent to viral load in lungs, the histopathological analysis results of infected mice showed that 1G8 resulted in less lesions and inflammations in lungs at sixth day postinfection compared with the control mAb (Figure 2G). The 1G8-treated mice had only mild alveolitis, while the negative control mAb A7E6-treated mice had severe pulmonary interstitial pneumonia and alveolitis. The alveolar structure of control mAb-treated mice is destroyed compared with the 1G8-treated mice, especially in those challenged with rgH1N2(JSH1).

In the therapeutic experiment, 1G8 still provided 100% protection at a dose of 5 mg/kg for mice challenged with 108 TCID50 rgH1N2(JSH1) virus or rgH1N2(PUMCH06) virus (Figures 3B,D). Lower doses of mAb 1G8 did not provide 100% protection. At a dose of 2.5 mg/kg 1G8, only 40% of the animals survived. However, mice treated with lower doses of 1G8 showed slower weight loss and death in contrast with mice treated with the negative control mAb A7E6 (Figures 3A,C).
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FIGURE 3. In vivo protective effect of mAb 1G8 in therapeutic experiment. (A) The mean percentage of mice body weight of BALB/c mice (n = 5 per group) challenged with 108 TCID50 rgH1N2(JSH1) viruses and treated with mAb 1G8 (5, 2.5, 1, and 0.5 mg/kg) or mAb A7E6 (5 mg/kg). (B) The survival curves of BALB/c mice (n = 5 per group) challenged with 108 TCID50 rgH1N2(JSH1) viruses and treated with mAb 1G8 (5, 2.5, 1, and 0.5 mg/kg) or mAb A7E6 (5 mg/kg). (C) The mean percentage of body weight of BALB/c mice challenged with 108 TCID50 rgH1N2(PUMCH06) viruses and treated with mAb 1G8 (5, 2.5, 1, and 0.5 mg/kg) or mAb A7E6 (5 mg/kg). All data were performed with Graphpad Prism 5 and represented as mean ± SEM. (D) The survival curves of BALB/c mice challenged with 108 TCID50 rgH1N2(PUMCH06) viruses and treated with mAb 1G8 (5, 2.5, 1, and 0.5 mg/kg) or mAb A7E6 (5 mg/kg).




Mutations at Amino Acid Position 199 of Neuraminidase Help Virus Escape From Monoclonal Antibody 1G8

To identify if 1G8 targets the same epitope in NA of H3N2 HSIV as previously reported for H9N2 AIV (Wan et al., 2016), escape mutant of rgH1N2(PUMCH06) selected by 1G8 was characterized. The K199R (N2 numbering) mutation in NA was found in selected escape mutant of rgH1N2(PUMCH06) virus.

The NI activity of 1G8 to the mutant virus was also measured with ELLA and MuNANA assays (Figures 4A,B). Compared with the rgH1N2(PUMCH06) virus containing K199 in NA, substituting R199 reduced the inhibitory effect of 1G8. Residue K199 is conserved in the current H3N2 HSIV, while R199 is a dominant residue in NA of H3N2 CIV. However, mAb 1G8 can still well react with JS06 H3N2 CIV, which has a R199 in NA. Therefore, another escape mutant with R199E mutation in NA of H3N2 CIV was selected with mAb 1G8. Whereas, mAb 1G8 showed very strong NI effect on WT H3N2 CIV but very weak NI effect on the selected mutant of the H3N2 CIV with an R199E mutation in NA in both ELLA and Mu-NANA assay (Figures 4C,D). All results indicated that, K199R mutation is crucial for H3N2 HSIV to escape from mAb 1G8. While E199 is the key residue for H3N2 CIV to escape from mAb 1G8, which is consistent with our previous report in H9N2 AIV (Wan et al., 2016).
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FIGURE 4. Neuraminidase inhibition ability of mAb 1G8 to mutant viruses. The NI activity of mAb 1G8 to rgH1N2(PUMCH06) viruses with K199 or R199 in NA were measured in both ELLA (A) and Mu-NANA assay (B). The NI activity of mAb 1G8 to JS06 CIVs with R199 or E199 in NA were measured in both ELLA (C) and Mu-NANA assay (D). All data of NI assay were performed with Graphpad Prism v.5 and represented as mean ± SEM.




N-Linked Glycosylation at Residue 200 Does Not Shield Epitope(s) Containing Residue 199

Position 199 locates close to the NA active center and plays an important role in inducing protective antibodies against H3N2 HSIVs (Gulati et al., 2002; Kirkpatrick Roubidoux et al., 2021). Human-derived antibodies targeting position 199 in NA showed broadly protective effect against multiple NA subtypes of viruses in vivo (Stadlbauer et al., 2019). However, the N-linked glycosylation sites at positions 200 to 202 were conserved in all group II NA subtypes except N3 (Figures 5A,B), which may form sugar chain modification and block the antibody binding with residue 199 by steric hindrance. Interestingly, structure analysis result shows that the sugar chain of each N-linked glycosylation at residue 200 in N2, N6, N7, and N9 is fixed on the adjacent NA monomer but not an active glycan shield. Although group II NA type virus except the N3 subtype virus have different glycosylation modifications at N200, the N-acetylglucosamine (NAG) of each sugar chain bind with the G454 or G394 in adjacent NA monomer by the hydrogen bond (Figure 5C). The alignment result also shows that G454 is highly conserved in viruses of all group II NA subtypes (Figure 5B).
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FIGURE 5. Structural and alignment analysis of residue 199 in NAs. (A) The distribution of N-linked glycosylation at amino acid position 200 in NA subtypes was shown in phylogenetic tree. (B) NA amino acid sequences of 22 strains belong to 11 subtypes was analyzed by alignment with MEGA X. The amino acids from position 196 to 207 and 450 to 459 were shown. Amino acids involved in forming the position 200 N-linked glycosylation site and residue 454 were marked in red. (C) Locations of different N-linked glycosylation modification at position 200 in group II NAs (PDB: 4HZV, 1NN2, 4QN6, 4QN3, and 3NN9) were analyzed online with MoI viewer in RCSB PDB. The glycosylation modification in NA tetramer was shown above and marked with red triangles. The hydrogen bond between N-acetylglucosamine (NAG) and glycine at position 454 or 394 was shown with green dot line below. (D) Status of residue 199 in case of N-linked glycosylation modification at residue 200 was analyzed by Swiss PDB Deep-viewer. The structure of N2 (PDB:4GZX) was used for analysis. The sugar chain was marked in red. Residues 199, 200, and 454 were individually labeled with blue, purple, and yellow. Hydrogen bond between NAG and G454 (or G394) is shown with green dotted line.


Although, the gap among monomers and epitopes around residue 454 are buried by the sugar chain, which may result in less cross-reactive bodies against group I and group II NA subtype viruses. While the fixed sugar chain of the N-linked glycosylation at position 200 leaves enough space for the residue 199 being fully exposed to the antibodies (Figure 5D). All in all, residue 199 is able to take part in inducing protective antibodies without the influence by the N-linked glycosylation at residue 200.




DISCUSSION

N2-subtype influenza viruses have caused two pandemic disasters in humans. The first one was caused by H2N2 influenza virus in 1957, which had an avian-born NA (Kilbourne, 2006). H3N2 influenza virus resulted in the second one and evolved into seasonal flu since its first outbreak in 1968 (Kilbourne, 2006). H9N2 AIV cannot transmit from human to human, but H9N2 infections have been reported in humans (Peacock et al., 2019). Although both H9N2 AIV and H3N2 HSIV belong to the N2 subtype, there used to be few reports on the same antigenic epitopes or antigenic structures between two NAs.

We previously reported a mAb 1G8 against NA of H9N2 AIV, which possesses NI activity (Wan et al., 2016; Wang et al., 2020). We now further identified that mAb 1G8 cannot only cross-react with NAs of H9N2 AIV and H3N2 HSIV but also have NI activity to them in NI assays.

In our mice challenge model, mAb 1G8 also shows protective effect in both prophylactic and therapeutic experiments. Lower viral load and less lesions in mouse lungs were detected with treatment of 5 mg/kg 1G8. Less and slower progress of deaths occurred in mice treated with 1G8 compared with control groups in the therapeutic experiment. Mutations and N-linked glycosylation have been reported for NA of H9N2 AIVs after 2011 and H3N2 HSIVs circulating since 2016 and contributed to escape from humoral immunity (Wan et al., 2019; Powell and Pekosz, 2020; Wang et al., 2021), while mAb 1G8 cannot only show well reactivity and inhibition activity to the NAs of these viruses, it also poses great protection against rgH1N2 viruses challenge.

Our previous research identified mutations D198N and K199E in NA which can help H9N2 AIV escape from mAb 1G8 (Wan et al., 2016). In this study, mutation K199R was selected in NA of H3N2 HSIV with mAb 1G8, which indicates that position 199 is also a crucial binding site for mAb 1G8 reacting with human-origin N2-subtype NA. Both mAbs B10 and Mem 5 interact with residue 199 in NA of H3N2 HSIV by the CDR2 within the heavy chain (Venkatramani et al., 2006; Wan et al., 2019). Moreover, broadly protective human antibodies 1G04, 1E01, and 1G01 also bind residue 199 in NA by CDR2 in the light chain (Stadlbauer et al., 2019), which indicates epitopes with residue 199 are crucial for NA-specific protective antibodies.

Antibodies against NA of seasonal H1N1 viruses can provide sufficient protection in vivo against the lethal H5N1 AIV challenge (Sandbulte et al., 2007; Frobert et al., 2010; Rockman et al., 2013). Furthermore, influenza infection can induce broadly cross-reactive and protective NA antibodies (Chen et al., 2018). In conclusion, this mAb 1G8 can also inhibit NA activity and show protection in mice challenged with rgH1N2 viruses, which would be a good candidate for developing antibody drugs to both AIVs and HSIVs. Moreover, we find that residue 199 in NA is not buried by the N-linked glycans at position 200 and is fully exposed for the binding of antibodies. The epitope targeted by mAb 1G8, which includes position 199 can be further studied in the future for development of ideal universal influenza vaccine.
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Influenza neuraminidase (NA) is able to induce cross-subtype immunity and is considered as a promising target for the development of universal influenza vaccines. However, commercial influenza vaccines only induced low NA-specific immune responses due to the low amounts and the denatured conformation of NA proteins in current inactivated or split influenza vaccines. Here we investigated the protective efficacy of recombinant tetrameric and monomeric NA proteins to determine whether the conformation contributed to induce protective immunity. We found that H1N1PR8NA tetramer (NAtet) could provide complete homologous protection against A/PR8 (H1N1) virus infection in mice, while the protection of H1N1PR8NA monomer (NAmono) was moderate. Higher levels of NA-reactive binding and inhibition antibodies and less weight loss were observed in the H1N1PR8NAtet-vaccinated group. Similarly, H5N1VNNAtet immunization exhibited a preferable heterologous protection than H5N1VNNAmono, but neither H7N9SHNAtet nor H7N9SHNAmono vaccination showed heterosubtypic protection. We also compared the effect of three adjuvants, aluminum, 3′3′-cGAMP (cGAMP), and Poly(I:C), on the humoral response and protective efficacy induced by H1N1PR8NAtet. H1N1PR8NAtet protein adjuvanted with aluminum was observed to exhibited better capacity in inducing NA-specific humoral immunity and preventing weight loss than with cGAMP or Poly(I:C). In conclusion, our data demonstrate that tetrameric NA with natural conformation is required to induce protective anti-NA immunity. The NA tetramer could provide homologous protection and subtype-specific cross-protection. In addition, the aluminum adjuvant is preferable in recombinant NA protein vaccination.
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INTRODUCTION

The seasonal epidemics and less frequently global pandemics of influenza viruses result in high morbidity and mortality every year. Vaccination is the most effective way to prevent influenza circulation. The currently licensed vaccines, including inactivated and attenuated influenza vaccines, induce protection mainly by eliciting neutralizing antibodies (NAbs) against the major glycoprotein, hemagglutinin (HA), of influenza virus (Vogel and Manicassamy, 2020). Vaccine efficacy depends on the antigenic similarities of HA proteins between the vaccine and circulating strains. However, the continuous and extensive antigenic variation of HA protein allows influenza viruses to easily escape from the protection of vaccines. The vaccine components need to be updated yearly based on the prediction of circulating influenza strains. The mismatch of vaccine and circulating strains, as in the 2009–2010 and 2017–2018 influenza seasons, resulted in a significant increase of influenza-related morbidity and mortality. A universal vaccine may overcome the shortage of the current influenza vaccines and provide cross-protection against multiple influenza subtypes.

Neuraminidase (NA) protein is the second most abundant glycoprotein on the membrane of influenza virion. The native influenza NA protein is a tetramer with enzymatic activity (Saito et al., 1995; Wu et al., 2009; Da Silva et al., 2013) that can cleave off the terminal sialic acid from N-linked glycans to facilitate viral release and transmission (Krammer et al., 2018; Eichelberger and Monto, 2019). Serologic studies showed that individuals with higher NA-specific antibody titers were less likely to be infected by influenza virus with the same NA subtypes (Murphy et al., 1972; Monto and Kendal, 1973). NA inhibition (NAI) antibody titers were independently correlated with lower morbidity and decreased viral shedding in influenza-infected individuals (Couch et al., 2013; Stadlbauer et al., 2019). Although there are 11 different subtypes of NA proteins, N10 and N11 NA are unique to bats (Tong et al., 2012, 2013). The antigenic variation of NA protein is relatively low compared to that of HA protein (Couch et al., 2013; Stadlbauer et al., 2019). Furthermore, NA-specific monoclonal antibodies isolated from influenza-infected individuals provide cross-protection against multiple influenza virus strains (Chen et al., 2018; Stadlbauer et al., 2019; Yasuhara et al., 2019). Therefore, NA protein is considered a candidate for the development of universal influenza vaccines. Recent studies have shown that expressed or purified NA proteins could induce robust NA-based immunity and protect against influenza virus infection (Liu et al., 2015; Wohlbold et al., 2015; McMahon et al., 2020), indicating that the NA protein is immunogenic in both animal models and humans. In contrast, commercial inactivated and split influenza vaccines only induced low levels of NA-specific immune response (Wohlbold et al., 2015; Krammer et al., 2018). Several factors were suggested to contribute to the low immunogenicity of NA in inactivated and split influenza vaccines. First, the amount of NA proteins is relatively lower than HA in the vaccine formula (Sridhar et al., 2015; Wohlbold et al., 2015); second, NA seems to have immune subdominance to HA when both antigens were administered (Johansson et al., 1987; Krammer et al., 2018); and third, the NA conformation in the vaccine formula may be changed during vaccine manufacturing (McMahon et al., 2020).

In this paper, we investigated the factors that potentially affect the immune response and protective efficacy induced by NA protein in BALB/c mouse models. We compared the difference of the protective efficacy between tetrameric and monomeric NA proteins and investigated the humoral responses induced by tetrameric and monomeric NA proteins. We also assessed the influence of adjuvants on the humoral response and protective efficacy induced by H1N1PR8NAtet tetramer.



MATERIALS AND METHODS


Cells and Viruses

Madin Darby canine kidney (MDCK) and human embryonic kidney 293 (HEK293T) cells were obtained from the American Type Culture Collection and grown in complete high-glucose Dulbecco’s modified Eagle’s medium (DMEM, HyClone) supplemented with antibiotics (100 units/ml penicillin and 100 μg/ml streptomycin, HyClone) and 10% fetal bovine serum (FBS, Gibco). Expi293F (Thermo Fisher Scientific) cells were grown in SMM 293-TII expression medium (Sino Biological Inc.).

The influenza A virus (IAV) used in this study was the mouse-adapted strain A/Puerto Rico/8/1934 (H1N1). The IAV was propagated in MDCK cells in serum-free DMEM media in the presence of 1 μg/ml TPCK-trypsin (Sigma-Aldrich). The median tissue culture infective dose and median lethal dose (LD50) of viruses were calculated by the Reed and Munch method.



Expression and Purification of Recombinant Proteins

Recombinant NA proteins derived from A/Puerto Rico/8/1934 (H1N1), A/Shanghai/37T/2009 (H1N1), A/Hong Kong/16/68 (H3N2), A/Vietnam/1204 (H5N1), and A/Shanghai/4664T/2013 (H7N9)—referred to as H1N1PR8NA, H1N1p09NA, H3N2HKNA, H5N1VNNA, and H7N9SHNA, respectively—were expressed in Expi293F cells and purified by Ni-nitrilotriacetic acid (NTA) beads (GE Healthcare). Briefly, the NA ectodomains with additional N-terminal Igκ-light chain secretion sequence, followed by a hex-histidine tag (HHHHHH), a human vasodilator stimulating phosphoprotein (VASP) tetramerization domain (SSSDYSDLQRVKQELLEEVKKELQKVKEEIIEAFVQELRKRG), and a thrombin cleavage site (SLVPRGSPSRS) were constructed into eukaryotic expressing plasmid pcDNA3.1 to express NA tetramer (NAtet). The monomeric NA (NAmono) proteins were constructed in the same way as NAtet but without the VASP domain. Recombinant NA proteins were purified from the supernatant of transiently transfected Expi293F cells by Ni-NTA beads. The concentration of proteins was adjusted to 1 mg/ml with phosphate-buffered saline (PBS) and frozen at −80°C.



Western Blotting and Cross-Linking SDS-PAGE

Recombinant NA proteins were then analyzed by Western blotting. Briefly, 2 μg of NA were mixed with 4× SDS-loading buffer containing 10% β-mercaptoethanol. The samples were heated for 10 min at 98°C and were afterward loaded on an SDS gradient gel (4–20% Precast Protein Improve Gels, Yeasen Biotechnology Inc.). The gel was run for 100 min at 120 V, and Western blotting transfer was performed. Following the transfer onto the nitrocellulose membrane, the membrane was blocked with TBS with 0.1% Tween 20 (TBS-T) containing 5% milk powder for 2 h at room temperature (RT). Then, mouse anti-HIS primary antibody (Younuoke Biotechnology Inc.) was added for 12 h at 4°C (1:1,000 dilution in TBS-T containing 1% milk). The membrane was washed three times with TBS-T after 12 h, and a secondary goat anti-mouse horse radish peroxidase (HRP) antibody (Jackson Immuno Research) was added for 1 h at RT (diluted 1:1,000 in PBS-T containing 1% milk). The membrane was then washed three times with TBS-T before it was visualized using Pierce Chemiluminescence (ECL) Western Blotting Substrate (as per the instructions of the manufacturer) on Tanon-5200 Chemiluminescent Imaging System (Tanon Science and Technology).

The extent of tetramerization and/or multimerization was investigated by cross-linking of NA with glutaraldehyde (Sigma-Aldrich). Briefly, 5 μg of NA was diluted in 25 μl of PBS in the presence of 0.3 mM of glutaraldehyde cross-linker. The mixture was incubated at RT for 5 min, and then glutaraldehyde was quenched by adding 1 M Tris–HCl buffer (pH 8.0) to a final concentration of 50 mM. Afterward, the protein samples were loaded on 4–20% SDS gradient gel. The gel was run for 60 min at 180 V and confirmed by Coomassie staining.



Neuraminidase Enzymatic Activity Assay

The enzymatic activity of recombinant NA proteins was determined by the cleavage of two specific substrates of NA, 2′-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (MUNANA) (Job et al., 2018; Ju et al., 2018) and fetuin (Prevato et al., 2015; Biuso et al., 2019) as previously described, with minor modifications.

For the MUNANA-based enzymatic activity assay, twofold gradient diluted recombinant NA proteins that range from 0.0015625 to 1.6 μg/ml in morpholine ethanesulfonic acid (MES) buffer (32.5 mM MES and 2 mM CaCl2, pH 6.5) were incubated with 20 mM MUNANA (Sigma-Aldrich) at 37°C for 40 min. The reaction was stopped by adding a stopping buffer (0.2 M glycine and 0.2 M NaOH, pH 10.7), and the degree of fluorescence was detected by EnSight Multimode plate reader (PerkinElmer).

For the fetuin-based enzyme-linked lectin assay (ELLA), MaxiSorp Nunc-immuno 96-well plates were coated with 100 μl of fetuin (Sigma-Aldrich) at a concentration of 50 μg/ml and refrigerated at 4°C overnight. The plates were blocked with 200 μl blocking buffer (PBS containing 1% FBS and 5% dry milk) for 1 h at RT and washed six times with PBS-T solution. Following the blocking, 50 μl of the sample diluent [Dulbecco’s phosphate buffered saline (DPBS) with 1% bovine serum albumin and 0.5% Tween 20] and 50 μl of serially diluted recombinant NA protein or purified virus were then added to the fetuin-coated plates and mixed well. The plates were then incubated for 14–16 h at 37°C before being washed six times with PBS-T. After the extensive wash, the NA enzymatic activity was detected by horse-radish peroxidase-labeled peanut agglutinin (Sigma Aldrich) and developed with the 3,3′,5,5′-tetramethylbenzidine substrate (Sigma-Aldrich). The reaction was stopped by the addition of 2 N H2SO4 after 20 min of incubation. The optical density (OD) values were read at 450 nm on a Multiskan FC plate reader (Thermo Fisher Scientific).



Mice Experiments

Female BALB/c mice (6–8 weeks old) from the Laboratory Animal Center of Shanghai Public Health Clinical Center (SHPHCC) were used for all animal experiments. The protocols were reviewed and approved by the Ethics Committee of SHPHCC (approval no. 2019-A019-01/02).

To compare the immunogenicity and protective efficacy of tetrameric and monomeric NA proteins, the mice were intraperitoneally (i.p.) immunized with 20 μg H1N1PR8NAtet, H5N1VNNAtet, H7N9SHNAtet, H1N1PR8NAmono, H5N1VNNAmono, and H7N9SHNAmono, respectively. The antigens were diluted in 100 μl PBS and mixed with aluminum adjuvant (1:1). The mice were immunized with PBS as control. To investigate the influence of adjuvants on the immunogenicity of NA tetramers, the mice were intraperitoneally immunized with 20 μg H1N1PR8NAtet protein mixed with aluminum (i.p.), 3′3′-cGAMP (cGAMP; intradermally, i.d.) and Poly(I:C) (i.p.), respectively. Aluminum is a strong inducer of Th2 responses (Rudicell et al., 2019). cGAMP is a Th1 immune response inducer as an “ideal” adjuvant for cutaneous vaccination (Wang et al., 2016). The TLR3 agonist Poly(I:C) also promotes Th1-dominant immunity, and it is commonly used as intraperitoneal immune adjuvant (Moriyama et al., 2017). These three adjuvants were all purchased from InvivoGen. The mice were boosted with the same immunogen 2 weeks later.

Sera were collected 1 week after the final immunization to detect NA-specific antibodies. The mice were intranasally challenged with 5 LD50 of A/Puerto Rico/8/34 (H1N1) virus 2 weeks after the final immunization to evaluate the protective efficacy. The weight loss and survival rates of mice were monitored for 14 days after the challenge.



Enzyme-Linked Immunosorbent Assay

The NA-specific antibodies were measured by enzyme-linked immunosorbent assay (ELISA). To explore the immunogenicity of tetrameric and monomeric NA proteins, the sera samples which were collected 1 week after the final immunization were tested for NA-reactive antibodies by ELISA, including NA-specific binding antibodies to the respective immunogen, cross-subtype binding antibodies against NA of A/PR8 (H1N1), and NAI antibodies. The subtypes of NA-specific antibodies were also analyzed. Briefly, MaxiSorp Nunc-immuno 96-well plates (Thermo Fisher Scientific) were coated with 2 μg/ml NA proteins (100 μl/well) in carb/bicarb coating buffer (10 mM Na2CO3, 40 mM NaHCO3, and pH 9.6) at 4°C overnight. To detect the NA-specific antibodies, the respective immunogen to sera of immunized mice was coated. To detect the cross-binding activity of mice sera, the tetrameric NA protein of H1N1PR8NAtet was coated. The plates were washed three times with PBS-T (PBS containing 0.05% Tween 20) and blocked with blocking buffer (PBS containing 1% FBS and 5% dry milk) for 1 h at RT. The sera were fourfold serially diluted starting at 1:100 in disruption buffer (PBS containing 5% FBS, 2% BSA, and 1% Triton X-100). Then, 50 μl of diluted serum was added to each well and incubated for 1 h at RT. After three times of washing with PBS-T, bound antibodies were detected by horseradish peroxidase-labeled goat-anti mouse IgG antibody (Jackson Immuno Research) and substrate ABTS (Thermo Fisher Scientific). The OD was measured at 405 nm on a Multiskan FC plate reader (Thermo Fisher Scientific). The isotypes of NA-specific antibodies were determined by ELISA with Mouse Monoclonal Antibody Isotyping Reagents (Sigma-Aldrich) following the instructions of the manufacturer. The antibody titers were defined as the highest sera dilution at which the OD values were twice of those by the control sera.



Neuraminidase Inhibition Assay

The plates were coated and blocked as fetuin-based ELLA as described above. While the plates were blocked, pre-challenge mouse sera were fourfold serially diluted starting at 1:40 in PBS in a new U-bottom, 96-well plate. Then, the split A/PR8 (H1N1) virus was added to each well of the serially diluted serum plate, and the plates were incubated at 37°C for 1 h. The amount of split A/PR8 (H1N1) virus used in the NAI assay corresponded to 90% of the maximum signal. After incubation, 100 μl of the serum/virus mixture was added on the blocked fetuin-coated plates and incubated for 16–18 h at 37°C. The remainder of the NAI assay was performed as ELLA as described above. The values of test wells obtained from the plate reader were divided by the average value for virus-only control wells and then multiplied by a factor of 100 to obtain the NA activity. Percent inhibition was calculated by subtracting the NA activity from 100.



Statistical Analysis

The survival rate was compared by log-rank test. Antibody titers, viral titers, and body weights among groups were compared by one- or two-way ANOVA. A P-value < 0.05 was considered significant. All the statistical analyses were performed by GraphPad Prism, version 8.00 (GraphPad Software, San Diego, CA, United States).



RESULTS


Neuraminidase Tetramers, but Not Monomers, Exhibited Enzymatic Activity

The NA tetramers and monomers were expressed using Expi293F cells and purified by Ni-NTA. The proteins were analyzed by Western blotting (Figures 1A,B) and cross-linking SDS-PAGE (Figures 1C,D). The bands of NA tetramers stabilized by the VASP domain were observed as monomers on Western blotting (Figure 1A), while they showed bands consistent with tetramers when cross-linked (Figure 1C). The monomeric NA proteins exhibited as monomers on Western blotting (Figure 1B) and showed some level on dimer or tetramer formation when cross-linked but was mostly monomeric (Figure 1D). The enzymatic activity of NA tetramers and monomers was characterized using two NA-specific substrates, MU-NANA and fetuin, respectively. These assays measured the amount of 4-methylumbelliferone cleaved by the influenza virus NA from the MUNANA or the amount of NA cleaved-fetuin from the intact fetuin. For the results of MUNANA-based enzymatic activity assays, as shown in Figures 1E,F, the NA tetramers exhibited enzymatic activity, while the NA monomers did not. The same results were also observed in fetuin-based enzymatic activity assays; the tetrameric NA showed high enzymatic activity, but the monomeric NA did not (Figures 1G,H). Taken together, these results suggest that the enzymatic activity depends on the tetrameric conformation of the NA proteins.
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FIGURE 1. Expression, purification, and characterization of recombinant neuraminidase (NA) proteins. Tetrameric and monomeric NA proteins derived from A/Puerto Rico/8/1934 (H1N1), A/Shanghai/37T/2009 (H1N1), A/Hong Kong/16/68 (H3N2), A/Vietnam/1204 (H5N1), and A/Shanghai/4664T/2013 (H7N9) were expressed by the Expi293F cell expression system and purified by Ni-nitrilotriacetic acid (NTA). (A,B) Purified NA proteins were confirmed by Western blotting. (C,D) Cross-linking SDS-PAGE of tetrameric and monomeric recombinant NA proteins. (E,F) MUNANA-based enzymatic activity assays were used to determine the enzymatic activity of recombinant NA proteins. (G,H) Fetuin-based enzymatic activity assays were used to determine the enzymatic activity of recombinant NA proteins.




Tetrameric Neuraminidase Protein Induced Better Protection Against Influenza Challenge in Mice Than Monomeric Neuraminidase

To investigate the protective efficacy of tetrameric NA vs. monomeric NA, the mice were immunized with NA tetramers or monomers as per the schedule shown in Figure 2A. As shown in Figures 2B–G, all the mice in the PBS control group showed signs of influenza, such as huddling or ruffled fur, from 2 to 3 days and died after the challenge with A/PR8 (H1N1) virus. The median survival days in the control group was 7 days. Vaccination with either H1N1PR8NAtet or H1N1PR8NAmono significantly protected the mice against the lethal dose of the A/PR8 (H1N1) influenza challenge (Figures 2B,C). All the H1N1PR8NAtet-immunized mice and 6/8 of H1N1PR8NAmono-immunized mice survived the influenza virus challenge (Figure 2B). Although the survival rates were not significantly different between the tetramer- and monomer-immunized mice, the mice immunized with H1N1PR8NAtet showed significantly less weight loss compared with those immunized with H1N1PR8NAmono (Figure 2C).
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FIGURE 2. Protective efficacy of tetrameric neuraminidase (NA) vs. monomeric NA. (A) The experimental design for immunization and challenge studies. Six- to eight-week-old BALB/c mice (n = 8 in each group) were immunized twice at 2-week interval with 20 μg of H1N1PR8NAtet, H5N1VNNAtet, H7N9SHNAtet, H1N1PR8NAmono, H5N1VNNAmono, and H7N9SHNAmono proteins adjuvanted with aluminum (i.p.), respectively. Sera were collected at 1 week after the final immunization; then, the mice were challenged with 5 LD50 of A/PR8 (H1N1) virus intranasally (i.n.) at 2 weeks after the final immunization. (B–G) Survival rates (B,D,F) and weight loss (C,E,G) were monitored for 14 days post-infection.


The cross-subtype protection was evaluated in mice that were immunized with H5N1 and H7N9 NA by heterosubtypic challenge with A/PR8 (H1N1) virus. As shown in Figures 2D,E, immunization with H5N1 NA tetramer significantly improved the survival of mice post-challenge with the A/PR8 (H1N1) virus. Then, 75% (6/8) of the mice that were immunized with H5N1VNNAtet tetramer survived, while all the mice in the control group died. However, the protection induced by H5N1 NA monomer is significantly weaker than that induced by tetramer (p < 0.05, log-rank test), with only 37.5% (3/8) of H5N1VNNAmono-immunized mice surviving. No protection was observed in mice that were immunized with either H7N9SHNAtet or H7N9SHNAmono proteins (Figures 2E,F), indicating that protection induced by the NA protein is subtype-specific. Similar results were observed in tetrameric H1N1 and H3N2 NA proteins immunization. Tetrameric H1N1pdm09NA induced moderate cross-protection against A/PR8 (H1N1) virus infection while H3N2HKNA not (Supplementary Figure S2).



Neuraminidase Tetramers Exhibited Better Abilities in Inducing Neuraminidase-Specific, Cross-Binding, and Neuraminidase Inhibition Antibodies That Were Related to Protection

To explore the immunogenicity of tetrameric and monomeric NA proteins, the sera samples which were collected 1 week after the final immunization (Figure 2A) were tested for NA-reactive antibodies, including NA-specific binding antibodies to the respective immunogen, cross-subtype binding antibodies against NA of A/PR8 (H1N1), and NAI antibodies. The subtype of NA-specific antibodies was also analyzed. We firstly evaluated NA-specific binding antibodies against their respective immunogens by ELISA. As shown in Figure 3A, both of the H1N1 NA tetramer and monomer induced high levels of binding antibodies to the immunogens after two immunizations in mice. The H1N1 NA tetramer induced higher binding antibodies compared to H1N1 NA monomers (1:25,600 vs. 1:6,400). Similar results were observed between the groups of H5N1VNNAtet and H5N1VNNAmono (Figure 3B) as well as groups of H7N9SHNAtet and H7N9SHNAmono (Figure 3C). These results suggested that the NA tetramer with natural conformation has higher immunogenicity than the monomer.
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FIGURE 3. Humoral response induced tetrameric and monomeric neuraminidase (NA) proteins. The experimental design for immunization and challenge studies was identical to that detailed in the legend of Figure 2A. Serum were collected at 1 week after the final immunization. (A–C) The sera of mice vaccinated, respectively, with H1N1PR8NAtet and H1N1PR8NAmono (A), H5N1VNNAtet and H5N1VNNAmono (B), and H7N9SHNAtet and H7N9SHNAmono (C) proteins were tested for NA-specific binding antibody levels to the respective immunogen via ELISA. (D–F) The same sera whose results are shown in panels (A–C) were tested for cross-binding activity to H1N1PR8NAtet protein via ELISA, respectively. (G–I) The same sera mentioned above were tested for NA inhibition (NAI) activity against NA of A/PR8 (H1N1) via enzyme-linked lectin assay (ELLA), respectively.


Then, we evaluated the cross-subtype binding antibodies against H1N1 PR8 NA induced by the H5N1 NA and H7N9 NA proteins. The cross-binding of sera from different mice groups against the H1N1PR8NAtet protein was tested by ELISA. Both H1N1 PR8 NA and H5N1 NA induced binding antibodies to H1N1PR8NAtet (Figures 3D,E). The antibody levels induced by NA tetramer were higher than those by the monomer as previously indicated. The sera from mice immunized with H7N9 NA tetramer weakly reacted with H1N1PR8NAtet, while the sera from mice immunized with H7N9 NA monomer did not react with H1N1PR8NAtet (Figure 3F). These results indicated that cross-binding antibodies are related to protection, while antibodies induced by NA proteins were mainly subtype-specific.

We also investigated the subtypes of NA-specific antibodies by isotyping ELISA assays. All tetrameric and monomeric NA proteins mainly induced IgG1 isotype of NA-specific antibodies (Supplementary Figure S1), indicating that the NA protein elicited a Th2-directed immune response.

Since it has been reported that the NA-induced protection was correlated with NAI antibodies (Couch et al., 2013; Memoli et al., 2016; Gilchuk et al., 2019; Stadlbauer et al., 2019; Vogel and Manicassamy, 2020), we evaluated the NAI activity of sera by ELLA. As shown in Figure 3G, sera from eight mice immunized with the H1N1PR8NAtet tetramer exhibited a higher NAI activity against the NA of A/PR8 (H1N1) than the six survivors that were immunized with H1N1PR8NAmono. In contrast, the NAI activity was barely detectable in sera from two deceased mice in this group (Figure 3G). The NAI activity against the NA of A/PR8 (H1N1) was only weakly detected in mice that were immunized with H5N1 NA tetramer and monomer (Figure 3H) and almost not detected in mice that were immunized with H7N9 NA proteins (Figure 3I), suggesting that NAI antibodies may be related to protection during influenza virus infection. Taken together, those results mentioned above indicated that NAtet exhibited better ability in inducing NA- specific-, cross- binding-, and NAI antibodies. Furthermore, NAtet proteins provide better homogeneous protection or cross-protection than NAmono.



Adjuvant Effects on the Immunity Induced by Neuraminidase Proteins

We compared the effect of three adjuvants, aluminum, cGAMP, and Poly(I:C), on the protective efficacy and humoral responses induced by the H1N1PR8NAtet tetramer. The immunization and challenge schedule is shown in Figure 4A. We found that complete protection against homologous A/PR8 (H1N1) virus challenge was observed in groups of aluminum or cGAMP (Figures 4B,C). The protection efficacy in the Poly(I:C) group was lower than those in the aluminum and cGAMP groups, as indicated by both the lower survival rates and weight loss (Figures 4B,C). We then evaluated the antibody responses in mice with different adjuvants of groups. Aluminum-adjuvant H1N1PR8NAtet induced the highest NA-specific binding antibodies and NAI antibodies (Figures 4D,E). cGAMP-adjuvant H1N1PR8NAtet induced higher NA-specific binding antibodies than Poly(I:C)-adjuvant, but both adjuvants induced a similar level of NAI antibodies (Figures 4D,E). These results together suggested that tetrameric NA protein with natural conformation adjuvanted with aluminum elicited better protection than with cGAMP or Poly(I:C).
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FIGURE 4. Effect of three adjuvants—aluminum, cGAMP, and Poly(I:C)—on the protective efficacy and humoral response induced by H1N1PR8NAtet tetramer. (A) Six- to eight-week-old BALB/c mice were immunized twice at 2-week interval with 20 μg of H1N1PR8NAtet protein adjuvanted with aluminum (n = 8, i.p.), cGAMP (n = 4, i.c.), or Poly(I:C) (n = 4, i.p.), respectively. The mice were immunized with phosphate-buffered saline (PBS) as control (n = 4, i.p.). Sera were collected at 1 week after the final immunization; then, the mice were challenged with 5 LD50 of A/PR8 (H1N1) virus intranasally (i.n.) at 2 weeks after the final immunization. (B,C) The survival rates (B) and weight loss (C) were monitored for 14 days post-infection. (D) The serum from individual mice in each experimental group was tested for neuraminidase (NA)-specific antibody levels against H1N1PR8NAtet protein via ELISA. (E) The NAI activity of mice serum against NA of A/PR8 (H1N1) was tested via enzyme-linked lectin assay (ELLA).




DISCUSSION

Influenza NA protein has been considered a potential target to develop universal vaccines that can provide cross-protection against different subtypes of influenza virus. The current commercial influenza vaccines are not efficient at inducing NA-specific protective immune response (Wohlbold et al., 2015; Chen et al., 2018; McMahon et al., 2020). Several NA-based vaccines, including recombinant NA proteins (Martinet et al., 1997; Bosch et al., 2010; Subathra et al., 2014; Liu et al., 2015; Wohlbold et al., 2015), DNA vaccines (Sandbulte et al., 2007), and virus-like particles (VLP) vaccines (Quan et al., 2012; Smith et al., 2017; Kim et al., 2019), have been evaluated in experimental animals and successfully provoked protection against influenza viruses. However, the mechanism of NA-induced protection has not been completely understood. Here we evaluated the immune response and protective efficacy of recombinant NA proteins. We found that the NA protein is highly immunogenic and induced protection against influenza viruses. Compared to the NA monomer, the NA tetramer is more immunogenic to induce higher NA-specific and cross-reactive biding antibodies, which are related to protection. The NA-reactive antibodies that bound to the native NA tetramers of the live virus might also play an important a role in inhibiting the viral release and spread of the infection. However, the protection is NA-subtype specific. H7N9SHNAtet tetramer could not provide heterosubtypic protection against A/PR8 (H1N1) virus infection. This finding is supported by the report that vaccination with the recombinant NA protein of A/PR8 (H1N1) could provide complete homologous protection against A/PR8 (H1N1) virus infection but not heterosubtypic protection against H3N2 virus (Wohlbold et al., 2015). Since there are 11 known NA subtypes, further studies may be required to explore an immune strategy, such as sequential or mixed immunization, to induce a broad immune response against all the 11 NA subtypes.

It was suggested that the protection induced by the NA protein was mediated by NAI antibodies (Couch et al., 2013; Memoli et al., 2016; Gilchuk et al., 2019; Stadlbauer et al., 2019; Vogel and Manicassamy, 2020). In this paper, we found that the protection induced by the NA protein was correlated with NAI antibodies. High NAI antibodies were detected in sera from the mice that survived the challenge, while NAI antibodies were undetectable in deceased mice. We also observed that NAI antibodies were strain-specific, while H5N1VNNAtet induced cross-protection against A/PR8 (H1N1) virus infection without provoking cross-reactive NAI antibodies, which probably depended on the differences among the epitopes around the active enzyme sites (Liu et al., 2015). However, H5N1VNNAtet induced high titers of subtype-specific binding antibodies to the NA protein of A/PR8 (H1N1) virus. Those cross-binding antibodies may potentially contribute to partial cross-protection. Further study is required to clarify whether the cross-protection was correlated with the NA-binding antibodies.

In addition, adjuvant is also an important consideration in NA protein-based vaccine design since we found that it worked on the immunity induced by the NA proteins. In contrast, we found that the mice of aluminum and cGAMP groups all survived the lethal influenza virus challenge, although the NAI antibody level of the aluminum group was slightly higher. We speculate that it may refer to the property of adjuvants or immune methods (i.p. vs. i.d.), but this still remains to be further determined. In short, adjuvant aluminum might be preferred for NA protein-based vaccination.



CONCLUSION

In conclusion, our data suggests that tetrameric NA provides better homologous protection against influenza virus infection, and it could also confer preferable subtype-specific cross-protection. NA-reactive binding and inhibition antibodies are related to protection. Furthermore, aluminum adjuvant is preferential in vaccination of recombinant NA protein than cGAMP and Poly(I:C). We hope that this information could be useful for influenza vaccine formulation and administration.
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Reassortment among avian influenza viruses is the main source of novel avian influenza virus subtypes. Studies have shown that the H9N2 virus often donates internal segments to generate novel reassortant avian influenza viruses, acting as a reassortment template. However, the characteristics of the internal pattern of reassortment remain unclear. In this article, we first defined the core gene pool of the internal segments of the H9N2 virus that provide templates for reassortment. We used genetic distance and sequence similarity to define typical clusters in the core gene pool. Then, we analyzed the phylogenetic relationships, feature vector distances, geographic distributions and mutation sites of strains related to the core gene pool. Strains in the same typical clusters have close phylogenetic relationships and feature vector distances. We also found that these typical clusters can be divided into three categories according to their main geographic distribution area. Furthermore, typical clusters in the same geographic area contain some common mutation patterns. Our results suggest that typical clusters in the core gene pool affect the reassortment events of the H9N2 virus in many respects, such as geographic distribution and amino acid mutation sites.
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INTRODUCTION

H9N2 avian influenza virus (AIV) was first detected in 1966 (Homme and Easterday, 1970). Since then, it has been found to be widespread in avian around the world, especially in the last two decades (Peacock et al., 2019). H9N2 infects hosts and transmits rapidly, as its low pathogenicity gives it high fitness in poultry and other wild birds. In a recent report, H9N2 was found to be the dominant subtype of AIVs among poultry in China (Bi et al., 2020). The first zoonotic event involving H9N2 was reported in 1997 (Peiris et al., 1999). Since then, several cross-species transmissions to humans or swine have been documented (Sun et al., 2020).

A number of AIVs have been reported to infect humans, including H7N9, H5N6, H10N8, H5N1, H6N1, and H7N4 (Guan et al., 1999; Hoffmann et al., 2000; Gao et al., 2013; Chen et al., 2014; Yang et al., 2015; Li et al., 2020; Qu et al., 2020). Some of these human-infecting AIVs [e.g., H7N9, H5N1, H10N8, and H5N6 (Guan et al., 1999; Martin et al., 2011; Chen et al., 2014; Cui et al., 2014; Yang et al., 2015; Pu et al., 2021)] were found to be reassortant viruses, with H9N2 contributing the internal segments to the reassortants (Liu et al., 2014). Hosts may be coinfected with H9N2 and other AIV subtypes, and in this context, H9N2 may contribute reassortment templates for novel reassortment AIV subtypes. The frequent reassortments among the H9N2 virus and other subtypes of AIVs imply that there may be a core internal gene pool in the H9N2 virus that continuously offers segments for the emergence of novel AIVs.

In this article, we aimed to identify and characterize the core gene pool of H9N2 internal segments and analyze the reassortment events involving the H9N2 virus. Based on a genetic analysis and mathematical relationships calculated for all the H9N2 viruses and other relevant AIVs, we defined typical clusters of each internal segment of the H9N2 virus. Each typical cluster consists of strains that are clustered together according to sequence similarity and evolutionary tree branching information. Strains in the same typical cluster have similar genetic characteristics. Typical clusters with different characteristics constitute the core gene pool of H9N2 internal segments. Then, we extracted feature vectors from the sequences and performed mathematical clustering to cross-validate the results. The clustering results essentially corresponded to the typical clusters. Then, we conducted a more detailed analysis of the biological characteristics of the core gene pool. The results reflect that different typical clusters infect different host species and have different geographic distributions. Mutation site analysis of typical clusters revealed that typical clusters in the same geographic area share some common mutation sites. We further analyzed the relationship between H7N9 and H9N2 using mathematical feature characterization. Most sequences of the H7N9 virus and H9N2 virus clustered together, which is consistent with reported reassortment events and further verifies the rationality of our core H9N2 virus gene pool.



MATERIALS AND METHODS


Sequence Data Preparation

All internal segments sequences of H9N2 virus and other relevant AIV subtypes are downloaded from NCBI Influenza Virus Resource (Bao et al., 2008). Only full-length sequences are preserved. Repetitive sequences with the same host, the same country, the same time and the same subtypes are excluded. For the relevant AIVs other than H9N2, sequences with >98% similarity to H9N2 virus are selected judged by blast (Johnson et al., 2008). MAFFT (Katoh and Standley, 2013) are used to align the coding region of the resulting sequences and then Mega (Kumar et al., 2016) is used to manually inspect the sequences. The sequence lengths of different AIV subtypes are slightly different. So, we set a lower threshold for each internal segment sequences, as Table 1 shows. For MP and NS segments, M1 and NS1 segment are considered in the follow-up study.


TABLE 1. Lower threshold for internal segments nucleotide sequence length.

[image: Table 1]
We use CD-HIT to initially filter the resulting sequences with a threshold level of 0.98 and retained sequences in clusters which meet all the following rules.


•Cluster contains H9N2 virus sequence(s).

•Besides H9N2 virus sequence(s), cluster contains other AIV subtypes sequences. And there is at least one sequence whose collecting time is no more than 3 years from the collecting time of H9N2 virus sequence(s) in the cluster.

•Besides H9N2 virus sequence(s), cluster contains other AIV subtypes sequences. And there is at least one sequence which has the same host or country with H9N2 virus sequence(s).



After first filtering, our dataset includes 2,583 PB2 sequences, 3,356 PB1 sequences, 3,565 PA sequences, 3,660 NP sequences, 5,757 MP sequences, and 3,325 NS sequences.



Phylogenetic Tree Construction and Analysis

Maximum-likelihood trees are inferred by IQ-TREE (Nguyen et al., 2015). And ModelFinder is used to find the best partition model automatically (Kalyaanamoorthy et al., 2017). Branch supports are obtained with 1,000 times ultrafast bootstrap (Hoang et al., 2018). Both ModelFinder and the ultrafast bootstrap are implemented in IQ-TREE.

For each evolutionary tree, we use Mean Pairwise Distance (MPD) to cluster AIV strains (Tsirogiannis and Sandel, 2014). The MPD formula is as follows:

[image: image]

We calculate the median number of leaf nodes and MPD for each internal node. To reduce deviation, we also set a lower threshold for the median number of leaf nodes. We choose the larger one of the median and the threshold as the max number of strains in a cluster, named as maxNode. The average MPD of all internal nodes is defined as meanMPD.



Definition of Typical Clusters

When two different strains have a reassortment relationship, we believe that their sequences are similar and they have close phylogenetic distance reflected in the evolutionary tree. For a given subtree s of the evolutionary tree, it has two features. Ns reflects the number of strains of subtree s, and mpds represents the MPD value of subtree s. We define a set K(s) which contains all strains in subtree s. To infer the possible genealogy and relationship of strains, we use the following conditions to measure phylogenetic distance between strains: (a) Strains in subtree s with Ns < maxNode have close phylogenetic distance. (b) Strains in subtree s with mpds < meanMPD have close phylogenetic distance. Subtree that satisfies one of the above conditions is defined as a cluster.

We analyze the common mutation sites for all strains in a given cluster. A cluster with more than one strains that contains H9N2 virus and has common non-neutral mutations is defined as a typical cluster.



Feature Extraction

To verify the rationality of typical clusters and characterize each genotype completely, we define a feature vector for each genotype. In DNA/RNA sequences, there are 64 combinations of triplet nucleotide residue sequences (codons). Excluding termination codons, 61 codons remain. Each sequence starts from the initiation codon and every three bases is a codon. Bases included in a sequence compose a set S. For each base occurs in the sequence, the frequency of it is defined as pi,(i ∈ S). For each codon except termination codons, the frequency of it can be defined as pijk,(i,j,k ∈ S). Trinucleotide relative abundance (TRA) is an extension of dinucleotide relative abundance (DRA; Kariin and Burge, 1995), which reflects the correlation between three adjacent bases. The TRA of a codon is defined as:
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Relative synonymous codon usage (RSCU; Sharp et al., 1986) is used to access codon usage bias. For a given codon, the number of times it appears in the sequence is defined as Obs_codon. The times that the coded amino acid occurs is defined as Obs_Amino, while the number of synonymous codons of the amino acid is denoted as n. When those synonymous codons don’t have codon usage bias, the expected observation number of them in the sequence is calculated as follows. The RSCU value of a given codon is calculated as follows:
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Considering both TRA value and RSCU value of codons occur in a sequence, our feature vector is the product of RSCU and TRA:

[image: image]

As three termination codons are excluded, the feature vector is a 61-dimensional vector.



Core Gene Pool Characterization

A typical cluster in core gene pool must have long time span or contain large number of AIV subtypes or contain large number of strains. We screen qualifying typical clusters from the typical clusters calculated in the previous section. These qualifying clusters have more than 3-year time span, or the number of AIV subtypes or strains they contain is higher than the median value. We calculate the average center of each screened cluster as the center vector, which can characterize the cluster. Then we calculate a distance matrix among all the screened clusters and show it in the form of a heat map. In addition to mathematical characterization, we also use common amino acid mutation sites and geographic distribution to characterize clusters biologically.



Analysis of Reassortment Events

We find H7N9 virus is the most representative reassortment AIV subtypes which has been reported before. TSNE (Pezzotti et al., 2017) method can reduce the dimensionality of high-dimensional data and map it to two-dimensional or three-dimensional space. To visually show the relationship between H7N9 virus and H9N2 virus, we use TSNE method perform dimensionality reduction visualization on all the feature vectors. Then we mark all H9N2 virus sequences and H7N9 virus sequences in the core gene pool clusters to verify the rationality of our clusters.




RESULTS


Phylogenetic Tree Clustering

We downloaded all available internal segment sequences of AIV from NCBI as of October 13, 2020, and finally constructed a genome set including 1,428 PB2 sequences, 1,795 PB1 sequences, 1,988 PA sequences, 1,564 NP sequences, 1,318 MP sequences, and 637 NS sequences. We constructed six phylogenetic trees for the six internal segments. According to the MPD value and similarity of leaf nodes in the phylogenetic trees, sequences of each internal segment were clustered into different clusters, as shown in Figure 1. The different colors of the blocks are used only to distinguish between the different typical clusters. Although some typical clusters contain a smaller number of strains, their frequency of occurrence (number of subtypes or number of strains occurring in a year) is high. As a result, we also consider them typical clusters. Additional information about the typical clusters of the six internal segments, including host, location distribution, AIV subtypes and so on, is shown in Supplementary Figures 1–6.
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FIGURE 1. Evolutionary trees and typical clusters of the core gene pool. The branches are colored according to their different typical clusters. Color blocks are visual representations of different typical clusters. Each color block represents a typical cluster; the colors themselves have no special meaning.


Almost all six internal segments had similar numbers of typical clusters and sequences (Table 2). The PB1 and PA segments have a larger number of typical clusters and sequences. Thus, they may be more likely to be reassortment templates.


TABLE 2. Numbers of typical clusters for six internal segments.
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Mathematical Characterization of Typical Clusters

To cross-validate the correctness of the clustering results and preserve the features of each sequence as completely as possible, we used a 61-dimensional feature vector to represent a sequence. We used BRICH (Zhang et al., 1996) to cluster the sequence feature vectors (Figure 2). The BRICH method clusters strains in terms of vector distance only, making the number of clusters higher than the number of original typical clusters. When all strains in a BRICH cluster can be found in a typical cluster, we consider that the BRICH cluster corresponds to that typical cluster, but the converse is not true. In this analysis, most clusters were observed compared to the phylogenetic clustering method. Figure 2 shows that some of the resulting BRICH clusters cannot correspond to typical clusters. This phenomenon may occur in part because biological significance is neglected in the mathematical characterization. We analyzed these special typical clusters and found that they were basically composed of H9N2 and H7N9 viruses.


[image: image]

FIGURE 2. Comparison of BRICH cluster results and typical clusters. The horizontal coordinate is the typical cluster number, and the vertical coordinate is the number of strains included. The light blue bars show the strains included in typical clusters, and the different colored bars on the right are the clusters calculated by the BRICH method. When all strains in a BRICH cluster can be found in a typical cluster, the bar representing the BRICH cluster corresponds to the typical cluster, as shown in the figure.


For each internal segment, we calculated the distance matrix among typical clusters based on the center vector of each typical cluster and then normalized the distance matrix. The resulting heatmap, shown in Figure 3, indicates that there are obvious differences between each typical cluster. The light-colored areas (marked by a red box) indicate typical clusters that have relatively close distances, which is consistent with the special typical clusters mentioned above.
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FIGURE 3. Distance matrix of typical clusters of six internal segments. The horizontal and vertical coordinates represent typical clusters. The color shading corresponds to the distance between typical clusters. The darker the color is, the more distant the corresponding two typical clusters are. The light-colored areas (marked by a red box) indicate that those typical clusters have relatively close distances. The distance matrices of MP and NS segments are not marked as they have few significances.




Biological Characterization of Typical Clusters

Beyond the mathematical characterization of typical clusters in the core gene pool, we are more interested in the biological characterization of these clusters, which can provide more detailed biological insights. We found that there were obvious differences in geographic distribution among these typical clusters in the core gene pool. As shown in Figure 4, the geographical distribution of all typical clusters can be divided into three categories. We named the three categories Asia-Clusters, America-Clusters, and World-Clusters according to the distribution of typical clusters. Of these, Asia-Clusters and America-Clusters account for the majority. The proportions of the three categories in MP and NS segments are different from those in the other four internal segments. In the MP segment, Asia-Clusters account for the majority, while America-Clusters are predominant in the NS segment.
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FIGURE 4. Location and host information for typical clusters. The histogram shows the geographical distribution of each typical cluster and the number of strains contained in corresponding regions. The horizontal coordinate of the histogram is the typical cluster number, and the vertical coordinate is the number of strains contained in different regions. The geographical regions counted in the histogram include Asia, America, Europe, Oceania, and Antarctica. The two pie charts show the host species of all strains and their main geographical distributions. The pie chart of host species counts the proportion of five host species including wild birds, human, poultry, swine, and environment. And the pie chart of geographical distributions counts the proportion of three region types including America, Asia, and World.


Furthermore, we found relationships between the common mutation sites and geographical distribution of those typical clusters. Taking common mutation sites of the PB2 segment as an example (Table 3), we found that over 80% of the strains with PB2 segments including 477I were found in the Americas. Conversely, we found that over 80% of the strains in the Americas have PB2 segments with 477I. As a result, we can infer rationally that strains with 477I in their PB2 segments are likely to be distributed in or originate from the Americas. The complete relationship between mutation sites and geographic distribution is shown in Supplementary Tables 1–6.


TABLE 3. Relationship between mutation sites and geographic distribution of PB2.

[image: Table 3]


Analysis of H7N9 and H9N2 Virus

Among all the reported reassortment events related to the H9N2 virus, the H7N9 virus is highly representative. It is widely distributed and has the ability to infect humans. Notably, it has evolved a lineage with high pathogenicity (Yang et al., 2017). Meanwhile, the H7N9 virus exhibited unique behavior in the above mathematical characterization analysis. As a result, we used the feature vectors of all sequences to construct two-dimensional scatter plots using the TSNE method (Pezzotti et al., 2017). Then, we marked all H9N2 virus sequences and H7N9 virus sequences in the scatter plots (Figure 5). Each scatter represents a sequence. For most segments, the H7N9 virus sequences and H9N2 virus sequences are clustered together in the scatter plots. The close distance indicates that these strains have a close relationship. This can also verify the rationality of the feature vectors we extracted and the core gene pool clustering in this analysis.


[image: image]

FIGURE 5. Dimensionality reduction scatter plots of H7N9 and H9N2. The horizontal and vertical coordinates are the values of the horizontal and vertical coordinates corresponding to the downscaling of the sequence feature vector to a two-dimensional space, which has no practical significance. A green dot represents a H9N2 virus, while a yellow dot represents a H7N9 virus. The closer the two virus sequence feature vectors are, the more concentrated the two dots are. We only studied the relationship between H9N2 and H7N9, so other AIV subtypes are represented by dark purple dots.





DISCUSSION

The low pathogenicity and wide distribution of the H9N2 virus make it more likely to be coinfected with other AIV subtypes. As explained above, we consider that the internal segments of the H9N2 virus can be regarded as a gene pool that is in a state of dynamic equilibrium. Avian influenza virus coinfected with the H9N2 virus can be regarded as entering the gene pool of the H9N2 virus, where it may not only provide new internal segments for the gene pool but also receive internal segments from the gene pool and generate novel reassortment AIV subtypes (Figure 6). Those internal segments that appear in the gene pool with high frequency constitute the core gene pool of the H9N2 virus.
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FIGURE 6. Reassortment pattern of the core gene pool. Two strains, s1 and s2, coinfect a host with the H9N2 virus. Strain s1 obtains PB1 and MP internal segments from the core gene pool and produces a reassortment strain r. Strain s2 provides a new PA for the core gene pool.


The establishment of the core gene pool of the H9N2 virus in this article provides new insight into the reassortment characteristics of the H9N2 virus. We conducted systematic phylogenetic analysis and detailed analysis of different characterizations and specific reassortment. The results indicate that the core gene pool of the H9N2 virus affects the evolution direction and geographical distribution of reassortment events related to the H9N2 virus.

The feature vector distance of sequences and the genetic distance of strains show obvious aggregation among strains. Based on the aggregation of different strains, the internal segments of strains can be divided into several typical clusters. The analysis of strain collection locations and collection times indicates that there is geographic isolation among different lineages. The hosts of H9N2 virus and relevant reassortment virus are mainly avian, resulting in rare transmission across continents; this is the main reason for geographic isolation. In total, typical clusters located in Asia and the Americas account for the main part of the core gene pool. The distribution differs among different internal segments. Further amino acid mutation site analysis suggests some valuable mutation sites related to geographical distribution. Finally, the analysis of the H7N9 virus visually demonstrated its reassortment relationship with the H9N2 virus, which also verified the rationality of our core gene pool.

It should be noted that the establishment of the core gene pool depends on the existing sequence data. Although we aimed to exclude the impact of sampling bias on the results as much as possible, it is inevitable that our results will differ from the real situation in some ways. Moreover, the analysis of mutation sites in this article is limited to the strains in the core gene pool. We also conducted an analysis of the mutation sites of all available sequences, which produced completely different results. In summary, the core gene pool in this article can help us understand the pattern in which the H9N2 virus donates internal segments during reassortment with other AIV subtypes. In future work, we will further investigated the impact of the core gene pool on the evolution and fitness of the H9N2 virus.
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Supplementary Figure 3 | Complete information about typical clusters of PA.
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Supplementary Figure 5 | Complete information about typical clusters of MP.
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Supplementary Table 1 | Complete relationship between mutation sites and geographic distribution of PB2. All mutation information was obtained by comparing the filtered sequence data.

Supplementary Table 2 | Complete relationship between mutation sites and geographic distribution of PB1. All mutation information was obtained by comparing the filtered sequence data.

Supplementary Table 3 | Complete relationship between mutation sites and geographic distribution of PA. All mutation information was obtained by comparing the filtered sequence data.

Supplementary Table 4 | Complete relationship between mutation sites and geographic distribution of NP. All mutation information was obtained by comparing the filtered sequence data.

Supplementary Table 5 | Complete relationship between mutation sites and geographic distribution of MP. All mutation information was obtained by comparing the filtered sequence data.

Supplementary Table 6 | Complete relationship between mutation sites and geographic distribution of NS. All mutation information was obtained by comparing the filtered sequence data.
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Influenza A virus (IAV) genomes are composed of eight single-stranded RNA segments. Genetic exchange through reassortment of the segmented genomes often endows IAVs with new genetic characteristics, which may affect transmissibility and pathogenicity of the viruses. However, a comprehensive understanding of the reassortment history of IAVs remains lacking. To this end, we assembled 40,296 whole-genome sequences of IAVs for analysis. Using a new clustering method based on Mean Pairwise Distances in the phylogenetic trees, we classified each segment of IAVs into clades. Correspondingly, reassortment events among IAVs were detected by checking the segment clade compositions of related genomes under specific environment factors and time period. We systematically identified 1,927 possible reassortment events of IAVs and constructed their reassortment network. Interestingly, minimum spanning tree of the reassortment network reproved that swine act as an intermediate host in the reassortment history of IAVs between avian species and humans. Moreover, reassortment patterns among related subtypes constructed in this study are consistent with previous studies. Taken together, our genome-wide reassortment analysis of all the IAVs offers an overview of the leaping evolution of the virus and a comprehensive network representing the relationships of IAVs.

Keywords: influenza A virus, evolution, reassortment, network, cross-species


INTRODUCTION

Influenza A Virus (IAV) is a highly infectious viral pathogen that causes seasonal epidemics, occasional pandemics, and zoonotic outbreaks, which may lead to substantial human morbidity and mortality and a considerable financial burden worldwide (Liu et al., 2020). It has been more than 100 years since the Spanish flu (H1N1) virus caused the first recorded influenza pandemic, which is considered to be the most lethal natural event in modern history (Smith, 2011; Liu et al., 2018). Since then, there have been three other pandemics caused by A(H2N2), A(H3N2), and A(H1N1)pdm09 viruses—the 1957 Asian flu, the 1968 Hong Kong flu, and the 2009 swine-origin flu, respectively. There are currently 18 HA (hemagglutinin) subtypes and 11 NA (neuraminidase) subtypes in IAVs, most of which spread in wild birds. Comparatively, only three combinations of HA and NA subtypes are known to be widespread in humans: H1N1, H2N2, and H3N2, of which H1N1 and H3N2 subtype viruses cause seasonal epidemics (Petrova and Russell, 2018). The WHO estimated that seasonal influenza viruses infect 5–15% of the human population each year, causing approximately 500,000 deaths worldwide (Stohr, 2002).

As segmented RNA viruses, IAVs can exchange the gene segments through reassortment during co-infection. Specifically, when two or more IAVs infect the same cell, a hybrid virus can be produced by assembling the gene segments of the parental viruses into a nascent virion (McDonald et al., 2016). Reassortment and mutation are both the main driving forces for the evolution of IAVs. However, the effect caused by mutations needs to be accumulated for a long time, while the reassortment is often a leapfrog evolution. Reassortment also plays an important but unclear role in the emergence of the novel viruses and cross-species transmission (Dhanasekaran et al., 2015). The virus that caused the 2009 H1N1 pandemic was generated from a triple-reassortment of H1N1 avian virus, H1N1 classical swine virus, and H3N2 human seasonal virus (Smith et al., 2009). Furthermore, swine has been considered as the “mixing vessels” for IAVs since there are both α-2,3 and α-2,6 sialic acids (SAs) in their respiratory tracts, which provides conditions for the occurrence of reassortment (Ma et al., 2009).

In recent years, a lot of studies for IAVs are based on mutations, especially in the receptor binding region on HA segment, while the study on reassortment detection method and the reassortment history of IAVs is relatively few. Rabadan et al. (2008) proposed a method to detect reassortment by comparing the sequence differences between two viruses. This method considered that the number of differences in each segment sequence of two viruses should be proportional if there is no reassortment. Another algorithm was proposed by de Silva et al. (2012) based on the neighborhood of strains, which determined the reassortant virus by the size of the common neighborhood of two segments. Muller et al. (2021) used a coalescent-based model to study the reassortment pattern of different human influenza datasets and found that the reassortment rates of different human influenza viruses are very different. These rare researches on IAVs reassortment tend to focus on viruses causing a single epidemic or with a single subtype, resulting in a lack of overall understanding of the reassortment history of IAVs. Ding et al. (2020) collected the reassortment events of influenza A virus from published literature and constructed the FlueReassort database. In our work, we proposed a novel genotype nomenclature for IAVs and used it to detect the reassortment in IAV genomes. The reassortment history and gene flow network were constructed, by which we found the characteristics and patterns in frequent reassortment events of IAVs.



MATERIALS AND METHODS


Data Preparation and Processing

We assembled all the whole-genomes sequences of IAVs as of October 13, 2020, from the National Centre for Biotechnology Information (NCBI) website resources.1 After quality control, we obtained 40,296 genomes of IAVs with complete sequence length and essential epidemiological information. Multiple sequence alignment for each segment was performed using MAFFT v7.037 (Katoh and Standley, 2013). To remove redundancy of sampling, we further filtered the genome sequences. Genome sequences with the same host, location, subtype, sampling year, and sharing similarities over 99% were resampled. The relationships among represent strains and other strains were shown in Supplementary Table 1.

The phylogenetic tree was reconstructed for each segment by IQ-TREE (Nguyen et al., 2015) using PhyloSuite platform (Zhang et al., 2020) with the GTR + I + G4 + F substitution model. Bat IAVs are used as outgroups to root the trees. We divided the hosts of these IAVs into human, swine, and avian. The avian hosts were further divided into shorebirds, waterfowl, land birds, and domestic birds. The avian host classifications are shown in Supplementary Table 2. The locations of the strains were mapped onto 22 areas according to the administrative division, including North America, Western Europe, and East Asia (Supplementary Table 3).



Segment Detailed Type Determination

In order to quantitatively divide the clade of each segment of the virus, we clustered the leaf nodes in the evolutionary tree based on the Mean Pairwise Distance (MPD). Therefore, sequences of each segment of IAVs were divided into different detailed types. MPD is the mean phylogenetic distance between the leaf nodes of an internal node on the phylogenetic tree. For example, the MPD of an internal node with n leaf nodes on PB1 segment phylogenetic tree is calculated as:
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δi,j is the phylogenetic distance between leaf node i and leaf node j. [image: image] represents the combination number formula. The mean MPD of all internal nodes was used as a threshold to define the leaf nodes of an internal node as a specific cluster, namely a detailed type. We then assigned an index to each detailed type. For example, PB1_1 represents a detailed type of PB1 segment, consisting of a cluster of PB1 sequences.



Genotype Nomenclature

In the work of Lu et al. (2007), the genotype was defined as the combination of the lineages for each segment in an IAV genome. In this manuscript, the genotype of an IAV genome was defined as the sequential combination of the detailed type for each segment. For example, PB2_292, PB1_415, PA_333, HA_422, NP_463, NA_405, MP_369, and NS_406 is the genotype of a H7N9 virus.



Reassortment Definition and Identification

A direct way to detect the reassortment of IAVs is to compare the positions on phylogenetic trees of different segments of the genome (Nelson et al., 2008). Based on our genotype nomenclature, a reassortment was defined as a mixation or overlapping of the different genotype combinations. The mixation of different genotype combinations can be understood as the exchange of segments among different genotypes. If the genotype of a virus can be produced by the combination of the genotypes for two or more parental viruses and their epidemiological information is related, then we consider that this virus might be reassorted from these parental viruses. There may be more than one possible combination of parental viruses to generate the reassortant child. For each strain of each genotype, we screened all the genomes sampled within 5 years before the strain to find the most possible reassortment event with the least evolutionary cost, which was calculated as follows:
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where locNum, hostNum, parNum is the number of locations, hosts, and parental viruses involved in the reassortment event. maxYear and minYear is the latest and the earliest year of the parental viruses. In this manuscript, only double-reassortment and triple-reassortment events are examined, as reassortment among more than three strain viruses is considered highly unlikely.



Gene Flow Network Construction

A connecting network can be constructed using the genotypes as nodes and the relationships among genotypes as edges. We calculated two distance values, dist and diff, between each pair of genotypes, where dist is the number of different segment detailed types between two genotypes, diff is the minimum difference of hosts, locations, and sampling years combined among the viruses contained in the genotypes. A minimum spanning tree (MST), representing the gene flow network of IAVs, was established by traversing the network in pursuing the minimal reassortment cost. The MST was visualized using cystoscope v3.6.0 (Shannon et al., 2003).




RESULTS


Genotype Definition for Influenza A Virus

We obtained 8,932 high-quality and nonredundant representative IAV genomes from 40,296 whole-genome database, where each segment of IAVs was divided into a detailed type. The segments of IAVs showed high diversity in Table 1, in which each segment was divided into hundreds of detailed types. As an example, we showed the detailed type determination result for PB1 segment in Figure 1. We listed the year range, hosts, locations, and subtypes where the detailed type emerged. The detailed type determination results for other segments are shown in Supplementary Figures 1–7. After determining the detailed types for all segments of IAVs, we got the genotypes of all the IAV genomes, which consists of 6,888 unique genotypes. In fact, these 6,888 genotypes represent the genotypes of the previous 40,296 viruses since each filtered virus can use the genotype of its representative virus as its genotype. The genotype of each virus is shown in Supplementary Table 4.


TABLE 1. The number of detailed types for each segment.
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FIGURE 1. The detailed type result for PB1 segment. The year range, hosts, locations, and subtypes are shown after each PB1 type, where the circles represent hosts and the rectangles represent locations. The hosts and locations are distinguished by different colors.




Reassortment Detection

Combining the genotype and the epidemiological information of the virus, we immediately knew a segment detailed type had occurred in which year, which host, which location, and which subtype. Meanwhile, for each segment of the IAV to be analyzed, we also knew which virus had the same segment detailed type. These viruses with identical segment detailed types may provide the reassortment source for the virus in analysis. We showed the result of reassortment analysis for the virus (A/WuXi/0409/2014) in Figure 2, where the viruses with identical segment detailed types were listed. The genotype of this H7N9 virus is PB2_292, PB1_415, PA_333, HA_422, NP_463, NA_405, MP_369, and NS_406. Each segment detailed type had spread widely before the virus emerged, indicating that the virus had a high possibility to be a reassortant virus. Later we attempted to identify the reassortment source and found that the virus might be generated from a triple-reassortment of H7N9 virus (A/chicken/Huzhou/3791/2013), H9N2 virus (A/chicken/Suzhou/4954/2013), and H9N2 virus (A/chicken/Jiangsu/SIC11/2013) (Figure 3). The triple reassortant virus acquired its HA and NA segments from H7N9 virus (A/chicken/Huzhou/3791/2013). The PB2, PA, NP, and MP segments were derived from the H9N2 virus (A/chicken/Suzhou/4954/2013). Another H9N2 virus (A/chicken/Jiangsu/SIC11/2013) provided PB1 and NS segments for the triple reassortant virus. In a word, the H7N9 virus (A/WuXi/0409/2014) obtained HA and NA segments from its parental H7N9 virus, and internal segments from its parental H9N2 viruses. Obviously, with our segment detailed type determination and genotype nomenclature, it will be an easy task to detect reassortment for IAVs.
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FIGURE 2. Reassortment analysis for the virus (A/WuXi/0409/2014). The genotype of the virus is PB2_292, PB1_415, PA_333, HA_422, NP_463, NA_405, MP_369, and NS_406. The information of the viruses with the same segment detailed types is shown, including host, location, subtype, and year. The circles represent hosts, and the rectangles represent locations, both of which are distinguished by different colors.
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FIGURE 3. The reassortment source of the virus (A/WuXi/0409/2014). The virus was produced by a triple-reassortment of the virus (A/chicken/Suzhou/4954/2013), the virus (A/chicken/Huzhou/3791/2013), and the virus (A/chicken/Jiangsu/SIC11/2013). The genotype of the virus (A/chicken/Huzhou/3791/2013) is PB2_309, PB1_396, PA_284, HA_422, NP_561, NA_405, MP_467, and NS_406, which is indicated by blue. The genotype of the virus (A/chicken/Suzhou/4954/2013) is PB2_292, PB1_252, PA_333, HA_523, NP_463, NA_285, MP_369, and NS_387, which is indicated by red. The genotype of the virus (A/chicken/Jiangsu/SIC11/2013) is PB2_310, PB1_415, PA_307, HA_536, NP_545, NA_385, MP_467, and NS_406, which is indicated by green. The reassortant virus obtained HA and NA segments from an H7N9 virus, and internal segments from two H9N2 viruses.




The Reassortment History of Influenza A Virus

In order to construct the reassortment history of IAVs, we detected the reassortment events for all viruses in our dataset, using the method we proposed above. The result of reassortment history was shown in Figure 4, in which we displayed each reassortment event as the connections from the parental viruses to the reassortant strain. We also showed another form of the result in Supplementary Figure 8. It should be noted that the reassortment event we detected first emerged in North America, but this does not mean that the origin of IAVs was in North America, since the early sequencing technology around the world was not as advanced as it is now. The reassortment history of IAVs generally reflects the reassortant trend, in which we can know which locations and which hosts are more likely to generate reassortment. In our work, we found that the frequency of inter-locations reassortment is high in various locations of Asia and Europe, which can be illustrated from the large number of red lines in these locations in Figure 4. Although the number of reassortment events in North America is large, most of them are intra-locations reassortment. This finding was also reflected in Figure 5, in which we counted the number of reassortment events in different locations each year.
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FIGURE 4. The reassortment history of influenza A virus (IAVs). The horizontal axis represents the locations, while the vertical axis represents the years. Each circle represents a virus, with different colors to indicate the hosts. The line from source to target represents the parental virus which produces the reassortant virus. Intra-locations and inter-locations reassortment are indicated by green and red lines, respectively.
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FIGURE 5. The number of reassortment events per year in different locations. The horizontal axis represents the years, and the vertical axis represents the number of reassortment events. The locations of the reassortant viruses are distinguished by different colors. The number of reassortment events per year was divided into three types for statistics: all reassortments, inter-location reassortments, and cross-species reassortments.




Swine Act as an Intermediate Host in the Reassortment History of Influenza A Virus

In reassortment history of IAVs above, we limited the number of reassortment sources due to the limitation of calculation. The reassortment of IAVs is complicated, since the genome of an IAV can come from 8 different viruses at most. In order to analyze how the genes of IAVs are transmitted during the reassortment, we constructed the gene flow network as shown in Figure 6. The network was composed of nodes and edges, where each node was a genotype of IAVs, and the edge represented gene segment flow by reassortment between two genotypes. It should be noted that we found some conclusions which is consistent with previous studies after we added the host information to the network. Swine as an intermediate host played an important role in the gene flow between avian and human IAVs, which can be seen from the swine host nodes in the figure as the hub connecting the avian host nodes and the human host nodes. Actually, it is universally acknowledged that swine are the “mixed vessels” for IAVs since they can be infected by both avian and human IAVs and facilitate the reassortment events of the IAVs (Chastagner et al., 2018). Meanwhile, due to the global live swine trade, swine also play a crucial role in the global spread of IAVs, which provides the possibility of cross-locations reassortment for IAVs (Nelson et al., 2015). Therefore, our result on swine as an intermediate host is consistent with previous studies on the role of swine.
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FIGURE 6. The gene flow network of IAVs (with host information annotated). Each node is a genotype of IAVs, and the edge represents gene segment flow by reassortment between two genotypes. The hosts are distinguished by different colors, where red represents human, green represents avian, blue represents swine, and gray represent other hosts.




Frequent Reassortment Between H9N2 and H7N9 Viruses

Analyzing the subtypes of IAVs reassortment can also help us understand the patterns of the reassortment. The avian influenza viruses with H9N2 subtype are widely distributed in different regions of China, and provide internal segments for IAVs for other subtypes, which poses a serious threat to public health (Liu et al., 2014). In our study, we also found a similar result after we added the subtype information to the gene flow network. It has been shown in Supplementary Figure 9 that there are many intersections between H9N2 and H7N9 viruses, which means that frequent reassortments occurred in IAVs with such subtypes. Later we found that almost all these viruses originated from domestic birds in East Asia (Supplementary Figure 10). It has been demonstrated that H9N2 has replaced H5N6 and H7N9 as the dominant AIV subtype in both chickens and ducks of China, and the novel viruses generated from reassortment continued to appear and spread among the avian hosts (Bi et al., 2020). The internal segments of some H9N2 viruses have acquired fitness in humans, while viruses with other subtypes such as H7N9 can acquire this fitness through reassortment with them (Liu et al., 2013; Zhang et al., 2013; Lu et al., 2014). The reassortment analysis for the H7N9 virus (A/WuXi/0409/2014) (Figure 3) revealed that the virus obtained HA and NA segments from its parental H7N9 virus and internal segments from its parental H9N2 viruses. It is noteworthy that this reassortant virus was sampled from a human and its parental viruses originated from domestic birds. In other words, the parental viruses completed cross-species transmission through this reassortment patter.




DISCUSSION

In order to verify the correctness of our clustering method, we used the unified nomenclature system for the highly pathogenic H5N1 avian influenza viruses (WHO, 2011) to cluster HA segments of H5N1 viruses in the database and compared with our result. The unified nomenclature system used three specific clade definition criteria: sharing of a common (clade-defining) node in the phylogenetic tree; monophyletic grouping with a bootstrap value of ≥60 at the clade-defining node; and average percentage pairwise nucleotide distances between and within clades of >1.5% and <1.5%. We marked the clustering results of the two methods on the phylogenetic tree, which was shown in Supplementary Figure 11. The inner circle was the clustering result of the unified nomenclature system, and the outer circle was our clustering result. The clustering result of the unified nomenclature system was more detailed than ours, but the clustering boundaries of the two methods were mostly synchronized.

Influenza A Virus are rapidly evolving through reassortment, posing a huge challenge to vaccine development and a serious threat to public health. Traditional studies in IAVs reassortment often focus on the specific virus that causes a certain epidemic, lacking a systematic understanding of IAVs reassortment history. In the present study, we divided each segment of IAVs into detailed types according to the Mean Pairwise Distance (MPD) on the phylogenetic trees. A new method was proposed to define the genotype of IAVs, and the genotype nomenclature was then exploited to analyze whole genomes of IAVs and detect the reassortment. Generally, all the segments of the virus should be compared comprehensively when detecting the reassortment source of IAVs, rather than considering only a single segment. If some segments of a virus have high homology with a parental virus and low homology with another parental virus, and the circumstance in other segments is opposite, the virus is likely to be generated from a reassortment of the two parental viruses (Tian et al., 2011). The reassortment detection method in our work not only compared the source of each segment but also considered the epidemiological information of the IAVs, which is more reasonable. Different from previous reassortment detection method (Suzuki, 2010; Niranjan and Carl, 2011; Yurovsky and Moret, 2011; Svinti et al., 2013), we quantitatively represent the inconsistency of the phylogenetic trees as different segment detailed types. Meanwhile, the results produced by our method are consistent with previous studies, which confirms the effectiveness of our method. Therefore, the method we proposed can indeed effectively define the genotype of IAV and detect the reassortment, especially for large-scale data sets.

Our result only listed the reassortment events we found. Some IAVs were generated from reassortment but we did not detect them because their parental viruses could not be found due to insufficient sampling or incomplete information. Our research was based on the sequence data and the epidemiological information, which benefits from the continuous monitoring and sequencing of IAVs by researchers around the world.

Taken together, we proposed a novel reassortment detection method based on our genotype nomenclature and systematically studied the history and patterns of reassortment in IAVs, which will be beneficial for the prevention and control of IAVs worldwide.
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Porcine circovirus type 2 (PCV2) is the primary pathogen of porcine circovirus diseases and porcine circovirus associated diseases. Immunization with a vaccine is considered an effective measure to control these diseases. However, it is still unknown whether PCV2 vaccines have protective immune responses on the animals infected with swine influenza virus (SIV), a pandemic virus in swine herds. In this study, we first compared the effects of 2 different PCV2 vaccines on normal mice and SIV-infected mice, respectively. The results showed that these two vaccines had protective immune responses in normal mice, and the subunit vaccine (vaccine S) had better effects. However, the inactivated vaccine (vaccine I) instead of vaccine S exhibited more immune responses in the SIV-infected mice. SIV infection significantly decreased the immune responses of vaccine S in varying aspects including decreased PCV2 antibody levels and increased PCV2 replication. Mechanistically, further studies showed that SIV infection increased IL-10 expression and M2 macrophage percentage, but decreased TNF-α expression and M1 macrophage percentage in the mice immunized with vaccine S; on the contrary, macrophage depleting by using clodronate-containing liposomes significantly alleviated the SIV infection-induced decrease in the protective immune responses of vaccine S against PCV2. This study indicates that SIV infection decreases the protective immune responses of vaccine S against PCV2. The macrophage polarization induced by SIV infection might facilitate decreased immune responses to vaccine S, which provides new insight into vaccine evaluation and a reference for the analysis of immunization failure.
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INTRODUCTION

Porcine circovirus type 2 (PCV2) belongs to the Circoviridae family and is a single-standard circular DNA virus. As a subtype with pathogenicity, PCV2 has been proved to be the primary etiological agent that cause porcine circovirus associated diseases and post weaning multisystemic wasting syndrome (Hamel et al., 1998; Opriessnig and Meng, 2007), resulting in serious economic losses (Chae, 2005; Baekbo et al., 2012). In addition, PCV2 has also been proven to be immunosuppressive, which increases the risk of the host infecting other pathogens (Segalés, 2012). Therefore, it is valuable to utilize effective measures to control the PCV2 infection in pigs.

Up to now, vaccination has been always considered one of the most efficient methods of preventing PCV2 infection in pigs. However, the majority of PCV2 vaccine trials were conducted in healthy animals (Wang et al., 2013; Zhang et al., 2017), which is inconsistent with field conditions. The potential infection of other pathogens has always existed in swine herds and is likely to weaken immune responses to PCV2 vaccines. Swine influenza virus (SIV), an especially common virus, is a primary pathogen causing swine flu, an acute respiratory infection with clinical symptoms including coughing, sneezing, nasal discharge, fever, lethargy, and decreased appetite. Its morbidity in pigs can reach 100%, and mortality is generally low (Thacker and Janke, 2008; Pearce et al., 2012). However, its impact on pigs is not negligible because the latent and universality of this virus makes it difficult to be discovered in a timely fashion, thereby greatly influencing the programmed vaccination in pigs. Moreover, SIV is also an immunosuppressive virus. A previous study reported that it could promote alveolar macrophage polarization into immunosuppressive phenotype (Zhao et al., 2014). Therefore, SIV infection may increase PCV2 infection via inducing immunosuppression, but this has not been reported to date.

As the first line of defense, alveolar macrophages have been proven to play an indispensable role in resisting the invasion of SIV (Christoph et al., 2014; Cardani et al., 2017). Alveolar macrophages, a kind of macrophages existing in the lungs, play key roles in innate immunity (Wynn et al., 2013; Byrne et al., 2016). In general, they are classified as two phenotypes: M1 macrophages, which promote inflammatory responses and tissue injury; and M2 macrophages, which inhibit inflammation and promote tissue repair (Byrne et al., 2016; Wynn and Vannella, 2016). Macrophage polarization refers to an estimate of macrophage activation at a given point in space and time, which is a dynamic process and usually associated with inflammatory conditions (Murray, 2017). Multiple growth factors and cytokines including TNF-α and IL-10 can be markers for distinguishing the M1/M2 polarization state (Patel et al., 2016). Toll-like receptors (TLRs) as important components of the pattern recognition receptors, have been found in 13 members (TLR1-TLR13) in mammals, and play an indispensable role in innate immune responses (Fabris et al., 2017). TLR4 is a receptor on the cell membrane that presents a variety of cells, including alveolar macrophages. LPS or viruses can be recognized by TLR4 and then activate innate immune responses and promote inflammation, which is a protection mechanism defense against pathogens (Lu et al., 2008). However, the overexpression of TLR4 often leads to chronic inflammatory disorders and tissue damage in vivo (Loretta et al., 2012; Xu et al., 2017), which may weaken immune responses to vaccination. Therefore, in the present study, we examined whether SIV infection could induce excessive inflammation to result in immunosuppression, thereby attenuating the protective immune responses of PCV2 vaccines, providing new insights into vaccine evaluation and a reference for the analysis of immunization failure.



MATERIALS AND METHODS


Ethics Statement

The research protocol for this study was approved by the Ethics Committee for Animal Experimentation of Nanjing Agricultural University (approval number: SYXK-SU-2011-0036). All animal care and use procedures were conducted in strict accordance with the Animal Research Committee guidelines of the College of Veterinary Medicine at Nanjing Agricultural University, and all efforts were made to minimize animal suffering and to reduce the number of animals used.



Viruses and Vaccines

Swine influenza virus (SIV) strain A/swine/Guangxi/18/2011 (H1N1) was kindly provided by Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences (Harbin, China). The virus was cultivated in MDCK cells, with serum free medium supplemented with 1 μg/mL TPCK-treated trypsin, in 5% CO2, 37°C condition. The 50% tissue culture infectious doses (TCID50) were determined by observing the cytopathic effects at 48 h post-infection. Porcine circovirus type 2 (PCV2NJ2002, PCV2b) was stored in our laboratory (Liu et al., 2017). The virus was cultivated in PK-15 cells, with the Dulbecco’s modified eagle medium (DMEM) containing 2% newborn bovine serum free-medium, in 5% CO2, 37°C condition (Zhai et al., 2019). TCID50 was determined by indirect immunofluorescence.

PCV2 vaccine I is a commercial inactivated vaccine (SH strain, No. zycp-ym003, O/W adjuvant) purchased from Jiangsu Nannong Hi-Tech Co., Ltd. (Nanjing, China), and the vaccine S was a commercial subunit vaccine (ZJ/c strain, Ingelvac CircoFLEX®, O/W adjuvant) imported from Boehringer-Ingelheim Animal Health Co., Ltd.



Animal Experiments

The female BALB/c mice (6–8 weeks old) were obtained from the Yangzhou University Experimental Animal Center. All of the animals were monitored at a controlled temperature under a 12 h light/dark cycle with enough standard rodent chow and water for 1-week adaptation. BALB/c mice were challenged with H1N1 SIV as the SIV-infected model, which has been reported as an effective tool for viral replication and pathogenesis in vivo (Xin et al., 2015; Qian et al., 2017; Park et al., 2018), and 2 different PCV2 vaccines were immunized on normal mice and the SIV-infected mice for comparison, respectively.

Experiment 1: 80 mice were divided into 8 groups randomly as followed: (a) Blank group; (b) PCV2 control group; (c) SIV control group; (d) SIV and PCV2 control group; (e) Vaccine I and PCV2 group; (f) Vaccine S and PCV2 group; (g) SIV, vaccine I and PCV2 group; (h) SIV, vaccine S and PCV2 group. Mice from c, d, g and h groups were challenged via nasal infection with 1000 TCID50 (TCID50 = 10–4⋅5) SIV at 1st day, and the negative controls were challenged with equivalent doses of PBS. PCV2 vaccines were immunized via intraperitoneal injection with 0.2 mL for each mouse on the fourth day, and the immunization period lasted 21 days. Then, PCV2 was given via intraperitoneal injection with 1000 TCID50 (TCID50 = 10–6) for each mouse in b, d, e, f, g, and h groups, and the negative control mice were injected with equivalent doses of PBS. The mice challenged with viruses were kept in isolation. At 14 d post-PCV2 infection, all of the animals were euthanized, bronchoalveolar lavage (BAL) fluid, whole blood, lung, thymus, and spleen tissues were collected.

Experiment 2: 20 mice were randomly divided into two groups as follows: (a) SIV + vaccine S + PCV2 + clodronate liposomes group (Clo-lip group); (b) SIV + vaccine S + PCV2 + PBS liposomes group (PBS-lip group). Alveolar macrophages were specifically depleted by intranasally injecting clodronate-containing liposomes according to the instructions of the Clodronate Liposome kit (LIPOSPMA, Shanghai, China). In brief, the mice in the Clo-lip group were challenged via intranasal infection with 50 μL clodronate-containing liposomes every 4 days, and the control mice (PBS-lip group) were administrated with equivalent doses of PBS liposomes at the same time. The administration procedures for SIV, PCV2, and PCV2 vaccines were the same with “Experiment 1.” At the end of this experiment, BAL fluid, thymus, and spleen tissues were collected.



Measurements of Antibody Levels

The serum was collected at 14 and 21 days post-immunization, respectively. The levels of anti-PCV2 specific antibodies were measured by using a sandwich enzyme-linked immunosorbent assay. In brief, the purified recombinant cap protein was coated on 96-well plates for the enzyme-labeled reaction. After antibody incubation and TMB coloration, the OD value was obtained at a wavelength of 450 nm, and the P/N > 2.1 was considered to be positive.



Quantitative Real-Time PCR

The DNA was extracted from spleens, using the TaKaRa DNA Mini kit (TaKaRa, Dalian, China). The purified DNA was used as a template for qPCR amplification, and a 117-bp fragment from the PCV2 ORF2 gene was amplified with specific primers (forward primer 5′-TAGTATTCAAAGGGCACAG-3′, reverse primer 5′-AAGGCTACCACAGTCAG-3′). A recombinant pMD19 plasmid vector (TaKaRa) containing a PCV2 genome insert was used as a positive control.

Total RNA was extracted from lungs to determine the relative mRNA level of SIV M protein, and from spleens and lungs to detect the relative TLR4, TNF-α mRNA and IL-10 mRNA levels. Target and reference gene primers were designed and synthesized according to the known sequences. Quantitative real-time PCR was conducted using a TaKaRa SYBR Green real-time PCR kit (SYBR Premix Ex Taq) and the ABI Prism Step One Plus detection system (Applied Biosystems, Foster City, United States). Finally, the relative mRNA levels of target genes were calculated by the 2–ΔΔCT method with GAPDH as a reference gene.



Western Blotting Analysis

Lungs were collected to detect the relative expression of SIV NP protein. In brief, total proteins were extracted, and then the protein concentration was measured using a BCA kit (Beyotime, China). Subsequently, the proteins were denatured, subjected to SDS-PAGE, and then transferred to the PVDF membranes. Next, the membranes were blocked with 5% BSA, followed by overnight incubation at 4°C in anti-NP antibody (Abcam, United Kingdom) and 2 h of incubation with an anti-mouse secondary antibody (Cell Signaling Technology, United States) at RT. Finally, the bound antibodies were visualized using an enhanced chemiluminescence kit (Beyotime, China).



Histopathological Analysis

Spleens and lungs were collected from mice and fixed in 4% neutral-buffered formalin solution. The samples were then embedded in paraffin to be further cut in 4 μm sections for hematoxylin and eosin (HE) staining. The tissue sections were observed and photographed under an optical microscope. The degree of spleen damage was assessed based on the amount of white pulp atrophy, structure disorder, and hemorrhage, and the degree of lung damage was evaluated according to the amount of edema, septal thickening, and cellular infiltration.



Immunohistochemical Analysis

The fresh spleens were collected and fixed in 4% neutral buffered formalin for IHC staining. In brief, tissue sections were incubated with the specific primary antibodies (anti-cap or anti-TLR4 antibodies) at 37°C for 1 h. After washing in PBS, the sections were incubated with a horseradish peroxidase labeled anti-mouse antibody at 37°C for 1 h. Next, freshly prepared DAB was added into the sections at RT for 5 min. Finally, after hematoxylin staining for 1 min, the sections were dehydrated and mounted by neutral gum, and then examined by an optical microscope. Images were captured with a Pannoramic viewer (Pannoramic MIDI, 3D HISTECH), and data were analyzed using DensitoQuant software (QuantCenter, 3DHISTECH). A histochemistry score (H-score) was calculated as previously described (Sun et al., 2019).



Bronchoalveolar Lavage Fluid Collection and Macrophage Classification

BAL was conducted to obtain alveolar macrophages from fresh mouse lungs. In brief, each lung was repeatedly flushed with PBS, and cells were harvested from the BAL fluid by centrifugation. Cells from the BAL fluid were incubated with an Fc receptor blocker (BD Biosciences) to reduce non-specific binding and then incubated with specific F4/80-APC, CD11b-PerCP-Cy5.5, CD80-PE, and CD206-FITC antibodies (eBioscience; BD Biosciences) for 30 min at 4°C (Sun et al., 2018). Subsequently, flow cytometry (BD Biosciences) was used to collect and classify the alveolar macrophages, and then data were analyzed using FlowJo for Mac 10.7 (Tree Star, Inc.).



Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 6. Student’s two-tailed t-test in two groups and one-way or two-way ANOVA in multiple groups were used, and the results were expressed as the mean ± standard error (S.E.). P < 0.05 was considered statistically significant.




RESULTS


The Protective Immune Responses of 2 Porcine Circovirus Type 2 Vaccines on Normal Mice

To explore the immune responses of different PCV2 vaccines on normal animals, mice were treated with subunit vaccine (vaccine S) and inactivated vaccine (vaccine I), respectively, and then challenged by PCV2 at 21 days post-immunization (Figure 1A). As expected, no obvious clinical symptoms and abnormal phenomena were observed among all mice. Weight was measured every 2 days, and the results showed that no significance was observed among all mice (Figure 1B). Subsequently, spleen index (spleen/body weight percentage) and thymus index (thymus/body weight percentage) were calculated to evaluate the immune organ damage. As demonstrated in Figures 1C,D, PCV2 infection significantly decreased the spleen and thymus index, while vaccine S markedly alleviated the decrease in thymus index induced by PCV2 infection, and no significance was observed between the PCV2 group and PCV2 + vaccine I groups. Similar results were demonstrated by HE staining for spleens. As shown in Figure 1E, white pulp atrophy, structure disorder, and hemorrhage were observed in the spleens of mice from the PCV2 group, while these pathological damages were relieved by vaccine S.
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FIGURE 1. Effects of 2 different PCV2 vaccines on normal mice. (A) Mice were immunized with subunit vaccine (vaccine S) and inactivated vaccine (vaccine I) at day 4, and then were injected with PCV2 at day 25. (B) Weight gain expressed as the percentage of initial weight. (C) Spleen index and (D) thymus index were calculated by the ratio of spleen or thymus to body weight. (E) HE staining for spleens. The green circle and arrow indicated white pulp structure disorder and hemorrhage, respectively. (F) PCV2-specific antibody levels in serum were assessed at days 14 and 21 post-immunization. (G) The PCV2 DNA copies in spleen. Data were presented as means ± SEM of mice (n ≥ 3) in each group. Compared with PCV2 group, *P < 0.05, **P < 0.01, and ns, not significant; Compared with PCV2 + vaccine I group, #P < 0.05 and NS, not significant.


The PCV2-specific antibody levels in serum were detected at 14 and 21 days post-immunization, respectively, to assess the immune responses of 2 PCV2 vaccines. As shown in Figure 1F, higher levels of the PCV2-specific antibodies were produced in vaccine I and vaccine S groups than that in the blank group at 21 days post-immunization, while no significance was observed between vaccine I and S groups. To more accurately assess the immune responses of the 2 vaccines, PCV2 replication was also measured. As indicators to assess PCV2 replication, the PCV2 DNA copies were detected using qRT-PCR, and cap protein was stained for IHC examination. The results showed that PCV2 infection significantly increased PCV2 DNA copies, but the increase was markedly down-regulated by vaccine S, not vaccine I, and PCV2 DNA copies were lower in the PCV2 + vaccine S group than those in the PCV2 + vaccine I group (Figure 1G). Similarly, the cap-positive staining (H-score) significantly reduced in 2 vaccine groups compared with the PCV2 control group, and the inhibitory effect was more obvious in PCV2 + vaccine S than that in the PCV2 + vaccine I group (Supplementary Figure 1).

Taken together, the vaccine S induced higher levels of PCV2-specific antibodies, significantly reduced PCV2 replication, mitigated the organ damage caused by PCV2 infection, suggesting that it produced protective immune responses on normal PCV2-infected mice. In terms of reducing PCV2 DNA copies, it also had better immune responses compared to vaccine I.



The Protective Immune Responses of 2 Porcine Circovirus Type 2 Vaccines on the Swine Influenza Virus-Infected Mice

To explore the role SIV infection played in the protective immune responses of PCV2 vaccines, SIV was injected to mice as described in Experiment 1 (Figure 2A), and then the immune responses of 2 PCV2 vaccines on the SIV-infected mice were compared. At first, relative SIV M mRNA (Supplementary Figure 2A) and NP expression (Supplementary Figure 2B) levels, as well as lung damage (Supplementary Figure 2C) in the SIV control group were measured to confirm SIV infection. The results showed that the SIV infection model had been successfully established. Next, body weight gain, spleen index, and thymus index were measured. The results demonstrated that the body weight gain significantly increased in 2 vaccine groups relative to the SIV + PCV2 control group (Figure 2B). As shown in Figures 2C,D, there was significance in both thymus index and spleen index between vaccine I, not vaccine S and SIV + PCV2 control groups; moreover, thymus index was higher in vaccine I group than that in vaccine S group. After SIV and PCV2 infection, white pulp atrophy, structure disorder, and hemorrhage were observed in the spleens of mice, while these pathological damages were relieved by 2 vaccines, and vaccine I had a better effect (Figure 2E).
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FIGURE 2. Effects of 2 different PCV2 vaccines on the SIV-infected mice. (A) Mice were intranasally infected with SIV at day 0, immunized with 2 PCV2 vaccines at day 4, and then injected with PCV2 at day 25. (B) Weight gain expressed as the percentage of initial weight. (C) Spleen index and (D) thymus index were calculated by the ratio of spleen or thymus to body weight. (E) HE staining for spleens. The green circle and arrow indicated white pulp structure disorder and hemorrhage, respectively. (F) PCV2-specific antibody levels in serum were assessed at days 14 and 21 post-immunization. (G) The PCV2 DNA copies in spleen. Data were presented as means ± SEM of mice (n ≥ 3) in each group. Compared with SIV + PCV2 group, *P < 0.05, **P < 0.01, and ns, not significant; Compared with SIV + PCV2 + vaccine I group, #P < 0.05, ##P < 0.01, and NS, not significant.


The PCV2-specific antibody titers were detected after SIV infection and vaccine immunization. The results showed that the antibody titers markedly increased in SIV + vaccine S and SIV + vaccine I groups relative to the SIV control group, but there was no significance between SIV + vaccine S and SIV + vaccine I groups (Figure 2F). As above mentioned, PCV2 replication was also evaluated. As shown in Figure 2G, vaccine I instead of vaccine S significantly decreased the PCV2 DNA copies in the SIV + PCV2 control group, and the PCV2 DNA copies in SIV + PCV2 + vaccine I group were lower than those in SIV + PCV2 + vaccine S. The same tendency was observed in the cap-positive staining (H-score) (Supplementary Figure 3).

In summary, these data suggest that vaccine I instead of vaccine S produced adequate immune responses on the SIV-infected mice.



Swine Influenza Virus Infection Decreased the Protective Responses of Vaccine S, Increased Toll-Like Receptors 4 Expression, and Promoted Alveolar Macrophage Polarization From M1 to M2

To further evaluate the effect of SIV infection on the immune responses of 2 vaccines, the PCV2-specific antibody titers and cap DNA copies were compared between before and after SIV infection. As shown in Figure 3A, after SIV infection, the antibody levels of the vaccine S group other than the vaccine I group at 21 days post-immunization were significantly reduced. Meanwhile, the PCV2 DNA copies in the SIV-infected mice immunized by vaccine S instead of vaccine I were significantly increased (Figure 3B). These results together suggest that SIV infection significantly weakened the immune responses of vaccine S.
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FIGURE 3. The effects of SIV infection on the immune responses of vaccine S. (A) PCV2-specific antibody levels in serum were assessed at day 21 post-immunization. (B) The PCV2 DNA copies in spleen. (C) Immunohistochemical (IHC) analysis for the TLR4 expression in spleens. The TLR4-specific staining intensity was showed by the histochemistry score (H-score). (D) The relative TLR4 mRNA level in spleens. (E) The relative TNF-α mRNA level in lungs. (F) The relative IL-10 mRNA level in lungs. Data were presented as means ± SEM of mice in each group. Data were presented as means ± SEM of mice (n ≥ 3) in each group. *P < 0.05, **P < 0.01.


To explore the reasons why vaccine S was weakened by SIV infection, TLR4, inflammation-related cytokines, and macrophage phenotype were further detected. As expected, TLR4-positive staining (Figure 3C) and its mRNA level (Figure 3D) significantly enhanced in the PCV2 + vaccine S + SIV group relative to the PCV2 + vaccine S group. Moreover, SIV infection significantly decreased TNF-α mRNA level (Figure 3E) but enhanced the IL-10 mRNA level in the PCV2 + vaccine S group (Figure 3F). As mentioned in the “Introduction” section, TNF-α and IL-10 are the markers for M1 and M2 macrophages, respectively. Therefore, our results indicated that SIV infection might promote macrophage polarization from M1 to M2. To further verify this conclusion, BAL fluid was collected to detect the alveolar macrophage phenotype considering that the lung was the target organ to infect SIV. The results showed that the mice in the PCV2 + vaccine S group showed a markedly decreased M1 macrophage percentage but significantly increased M2 macrophage percentage after SIV infection (Figure 4).
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FIGURE 4. SIV promoted macrophage polarization from M1 to M2. Bronchoalveolar lavage (BAL) fluid was detected using a flow cytometer. CD11b and F4/80 were used for marking macrophages; CD80 and CD206 were markers for M1 and M2 macrophages, respectively. The proportion of M1 and M2 macrophages in the total population of macrophages. Data were presented as means ± SEM of mice (n ≥ 3) in each group. *P < 0.05.


Taken together, these results suggest that SIV infection decreased the protective effects of vaccine S and promoted TLR4 expression and alveolar macrophage polarization from M1 to M2, which could cause the immunization failure of vaccine S on the SIV-infected mice.



Macrophage Depletion Alleviated the Swine Influenza Virus Infection-Induced Decrease in the Protective Immune Response of Vaccine S

To further investigate whether SIV infection decreased the protective responses of vaccine S via promoting alveolar macrophage polarization from M1 to M2, clodronate liposome, a macrophage scavenger was used to specifically deplete lung macrophages as described in “Experiment 2” (Figure 5A). In order to evaluate the depletion efficiency of Clo-lip, a preliminary test was conducted for a period of 39 days, and the total number of alveolar macrophages in each BAL sample from the Clo-lip group and PBS-lip group was calculated every day as previously described (Garcia-Castillo et al., 2020).
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FIGURE 5. Alveolar macrophage depletion attenuated the SIV-induced decrease in the protective immune effect of vaccine S. (A) Mice were intranasally infected with SIV at day 0, injected with clodronate-containing liposomes (Clo-lip) or PBS liposomes (PBS-lip) every 4 days, immunized with vaccine S at day 4, and then injected with PCV2 at day 25. (B) Weight gain expressed as the percentage of initial weight. (C) Spleen index and (D) thymus index were calculated by the ratio of spleen or thymus to body weight. (E) PCV2-specific antibody levels in serum were assessed at days 14 and 21 post-immunization. (F) The PCV2 DNA copies in spleen. Data were presented as means ± SEM of mice (n ≥ 3) in each group. *P < 0.05, **P < 0.01, and ns, not significant.


As expected, the number of BAL macrophages decreased by about 80% after one CLP injection, and then was almost exhausted after multiple CLP injections (Supplementary Figure 4A). These results suggested that CLP injection was useful for depleting alveolar macrophages. Next, weight gain (Figure 5B), spleen index (Figure 5C), thymus index (Figure 5D), anti-PCV2 antibody titers (Figure 5E), PCV2 DNA copies (Figure 5F), and cap-positive staining (Supplementary Figure 4B) were measured and compared between Clo-lip and PBS-lip groups. The results showed that weight gain, thymus index, and anti-PCV2 antibody titers significantly increased after macrophage depletion, while PCV2 replication markedly decreased as demonstrated by decreased PCV2 DNA copies and H-score. Taken together, these results demonstrated that macrophage depletion alleviated the SIV infection-induced decrease in the protective immune responses of vaccine S, which suggested that SIV infection might decrease the protective immune responses of vaccine S via promoting alveolar macrophage polarization from M1 to M2.




DISCUSSION

As an effective measure to prevent pigs from PCV2-related diseases (Opriessnig et al., 2010; Seo et al., 2012), it was important to ensure the effective immune responses of PCV2 vaccines under field conditions. Evidence indicates that most of the available vaccines failed to effectively decrease the mortality of PCV2 infection in herds due to a variety of factors (Beach and Meng, 2012). Of which, the widespread SIV in pigs was considered as a potential reason for immunization failure (Choi et al., 2002). However, the previous PCV2 vaccine evaluation tests were always conducted on healthy animals including piglets (Seo et al., 2014; Huan et al., 2018; Zhang et al., 2018), which made it uncertain whether PCV2 vaccines could effectively work under field conditions. In this present study, the immune responses of two kinds of PCV2 vaccines on SIV-infected mice were tested to imitate a commercial farming condition.

Given that the immune responses of PCV2 vaccines could not be reflected because of invisible clinical symptoms (Deng et al., 2013; Wang et al., 2017), their effects were evaluated based on the growth performance of mice, anti-PCV2 antibody levels, and PCV2 replication in vivo. Our results showed that 2 PCV2 vaccines had protective immune responses on normal mice, but the effects of vaccine S were better than those of vaccine I, as demonstrated by the significantly decreased PCV2 DNA copies and organ damage. These results suggested that vaccine S could have more application value than vaccine I on normal mice. In contrast, vaccine I instead of vaccine S produced adequate immune responses on the SIV-infected mice. SIV infection weakened the immune responses of vaccine S, as demonstrated by the significantly decreased anti-PCV2 antibody levels and increased PCV2 replication, which meant that vaccine S only played adequate protective roles in animals without pathogen infection, and there might be a risk of immunization failure due to latent SIV infection. In summary, our results confirmed that the immune responses of vaccine S were inconsistent between the normal and SIV-infected mice.

We try to explain the reason why vaccine S was more easily influenced by SIV than vaccine I. In general, immune responses to vaccination include neutralizing antibodies and cell-mediated immunity (Afghah et al., 2017). The inactivated vaccine often fails to produce sufficient cell-mediated immunity due to the inactivated virus. But the subunit vaccine can increase CD4+ and CD8+ levels thereby producing long-lasting protection (Ferrari et al., 2014), which plays an important role in the immune responses of the subunit vaccine. This difference in action mechanism between inactivated vaccine and subunit vaccine may be one of the reasons for the instability of vaccine S. Moreover, a previous study has reported that the porcine reproductive and respiratory syndrome virus had an adverse effect on naive T cells thereby influencing the immune responses of PCV2 vaccines (Canelli et al., 2016). Given the importance of cell-mediated immunity in the immune responses of subunit vaccines, we concluded that the immunization failure of vaccine S may be related to the immune organ damage or immunosuppression induced by SIV infection.

As our results showed, increased TLR4 expression was detected in the spleens of the mice infected with SIV, and the elevation of TLR4 for at least 5 weeks after SIV infection, which meant that the innate immune responses were continuously activated to resist viral infection. More and more studies have confirmed that the overexpression or sustained activation of TLR4 could lead to excessive inflammation or tissue damage in vivo (Perrone et al., 2008; Tate et al., 2010). Consistently, the SIV-infected mice showed more pronounced thymus damage than the control mice, which further indicates that the adverse effects of SIV infection might be associated with the increased expression of TLR4.

SIV usually invades the body through the respiratory tract and directly acts on alveolar macrophages. Subsequently, macrophages manifest as M1 phenotype to defense against the pathogen at the initial stage of infection and then change into M2 macrophages (Patel et al., 2016). Our data suggested that SIV infection induced the macrophage polarization from M1 to M2, meaning the macrophages exhibited a more stable suppression following excessive inflammatory responses. Due to the compensatory effects and complexity of the body, the immune system of the whole body may be affected, resulting in insufficient responses to antigens and failing to produce effective immune protection. Therefore, the immunization failure of vaccine S in the presence of SIV may be related to the immunosuppression as demonstrated by the alveolar macrophage polarization from M1 to M2 following excessive inflammatory responses. However, studies on the relationship between TLR4 activation and alveolar macrophage polarization from M1 to M2, in this case, remain to be further performed.



CONCLUSION

In conclusion, PCV2 vaccine S is more effective in defense against PCV2 infection on normal mice, but PCV2 vaccine I instead of vaccine S is better on the SIV-infected mice. SIV infection significantly weakens the protective immune responses of vaccine S, and the risk of immunization failure of the PCV2 vaccine might increase due to the pandemic SIV in herds. These results provided a feasible reference for the clinical analysis of the immunization failure of different vaccines.
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Viral infection usually leads to cell death. Moderate cell death is a protective innate immune response. By contrast, excessive, uncontrolled cell death causes tissue destruction, cytokine storm, or even host death. Thus, the struggle between the host and virus determines whether the host survives. Influenza A virus (IAV) infection in humans can lead to unbridled hyper-inflammatory reactions and cause serious illnesses and even death. A full understanding of the molecular mechanisms and regulatory networks through which IAVs induce cell death could facilitate the development of more effective antiviral treatments. In this review, we discuss current progress in research on cell death induced by IAV infection and evaluate the role of cell death in IAV replication and disease prognosis.
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INTRODUCTION

Apoptosis, necroptosis, and pyroptosis are the three main patterns of cell death in multicellular organisms, playing vital roles not only in embryonic development; normal tissue homeostasis; and diseases, such as atherosclerosis, cancer, and neurodegeneration, but also in defense reactions against infection (Bellamy et al., 1995; Galluzzi et al., 2008; Fuchs and Steller, 2011; Walsh, 2014; Jorgensen et al., 2017; Gao et al., 2018). The concept of apoptosis was proposed for the first time in 1972 (Kerr et al., 1972). Apoptosis can be activated by two distinct signaling pathways, namely, intrinsic (mitochondrial) and extrinsic (death receptor) pathways (Lowy, 2003). The term “necroptosis” was first used to describe necrotic cell death in 2005 (Degterev et al., 2005). In the next decade, several critical molecules, including receptor interacting protein kinase (RIPK)1/3 and mixed lineage kinase domain like pseudokinase (MLKL) were found to be involved in necroptosis (Holler et al., 2000; Degterev et al., 2005; Cho et al., 2009; He et al., 2009; Zhang et al., 2009; Murphy et al., 2013). Additionally, pyroptotic cell death was first observed in 1986, when a research team found that cultured primary mouse macrophages induced cell death and leakage of cell contents when treated with the lethal toxin anthrax (Friedlander, 1986). In subsequent decades, follow-up research showed that pyroptosis relies on a gasdermin family member to induce cell rupturing and release cellular contents (Kayagaki et al., 2015; Liu et al., 2016; Aglietti and Dueber, 2017; Shi et al., 2017). Although cross-talk exists between apoptosis, necroptosis, and pyroptosis, apoptosis has minimal impact on neighboring cells because it is a non-inflammatory type of cell death; this is the main difference between apoptosis, necroptosis, and pyroptosis. Moreover, in necroptosis and pyroptosis, the release of cellular contents is an intense trigger of innate and adaptive immune responses (Henson et al., 2001; van Delft et al., 2010; Wallach et al., 2016; Shi et al., 2017).

Influenza A virus (IAV) is a negative-sense single-stranded RNA virus that is a member of the Orthomyxoviridae family (Yamauchi, 2020). IAV is among the most notorious respiratory diseases, causing almost 3–5 million cases of critical illness and approximately 250,000–500,000 deaths worldwide each year (Walsh, 2014; Hartmann et al., 2017; Doyon-Plourde et al., 2019). IAV mainly infects the airway epithelial cells, leading to inflammation and cell death, followed by respiratory tract damage, pneumonia, and even respiratory dysfunction or failure (Le Goffic et al., 2007; Cardani et al., 2017; Atkin-Smith et al., 2018). Severe IAV infection is always accompanied by hypercytokinemia, also known as cytokine storm, which is closely related to disease severity and could be a predictor of disease progression and mortality (De Jong et al., 2006; Guo et al., 2015; Zhang Y. et al., 2020). However, cell death and inflammation do not always harm the host; moderate cell death and inflammation can facilitate the elimination of viruses (Kuriakose et al., 2016; Zheng et al., 2020). Therefore, exploring the relative contribution of cell death and inflammation to suppression of viral replication and improvement of prognosis vs. disruption of host homeostasis and physical function, is particularly important for developing novel treatment strategies (Brandes et al., 2013).

In this review, we discuss the mechanisms of the three types of cell death (apoptosis, necroptosis, and pyroptosis) during IAV infection to address how IAV triggers and manipulates cell death and how these processes determine the final fates of viruses, cells, and hosts.



APOPTOSIS DURING INFLUENZA A VIRUS INFECTION

Characteristic morphological features of intrinsic apoptosis, including flowing nuclear and cytoplasmic condensation, fragmentation of cellular DNA and membrane blebbing with apoptotic body formation during IAV infection were observed in previous studies (Takizawa et al., 1993; Fesq et al., 1994; Hinshaw et al., 1994; Mori et al., 1995). However, the specific mechanisms through which IAV induces apoptosis and the roles of apoptosis in IAV infection remain unclear. In recent years, apoptosis has been documented as a cell defense strategy against invading viruses in most multi-cellular organisms (Robert et al., 2012). Unfortunately, in the battle between viruses and their hosts, viruses have also evolved the ability to subvert apoptosis in the host cells (Danthi, 2016; Orning et al., 2018). Thus, apoptosis has both positive and negative effects on the life cycle of IAV (Galluzzi et al., 2008). In general, early apoptosis reduces viral replication, whereas late apoptosis promotes the release and dissemination of progeny viruses (Zhou et al., 2017).



INTRINSIC APOPTOSIS

IAV primarily induces intrinsic apoptosis through some viral proteins and the IAV progeny ribonucleoprotein complex (vRNP) (Table 1). Research on apoptosis has revealed details of the mechanisms underlying IAV-induced apoptosis (Cardani et al., 2017; Zhou et al., 2017; Atkin-Smith et al., 2018).


TABLE 1. Viral proteins of IAV that are involved in cell death.
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These mechanisms may be classified into three types based on how viral proteins of IAV activate apoptosis. First, viral proteins interact with a host protein. Subsequently, mitochondrial membrane permeability is increased, which activates other specific signaling pathways to induce apoptosis (Chen et al., 2001). Second, vRNPs interact directly with DNA-dependent activator of interferon (IFN)-regulatory factor (DAI), which activates caspase-8 and then caspase-3, to induce apoptosis (Thapa et al., 2016). Third, upon IAV infection, endoplasmic reticulum (ER) stress and autophagy are triggered, thereby inducing apoptosis (Frabutt et al., 2018; Yeganeh et al., 2018). Fourth, some viral proteins can regulate apoptosis directly; however, the details of this mechanism are still unclear (Schultz-Cherry et al., 2001).

The viral protein PB1-F2 encoded by PB1, which is localized in the mitochondria of MDCK cells infected with IAV, has been shown to induce intrinsic apoptosis (type I) (Gibbs et al., 2003; Zamarin et al., 2005). In vitro, microinjection of PB1-F2 into MDCK cells causes its mitochondrial localization, which results in swelling and fragmentation, nuclear shrinkage, and cell death (Zamarin et al., 2005). In a previous study, the release of cytochrome c tagged with green fluorescent protein (Cc-GFP) from mitochondria was observed using flow cytometry when HeLa cells that contained a fusion protein consisting of Cc-GFP overexpressed in the mitochondria were transfected with PB1-F2. The release of Cc-GFP from mitochondria was observed in about 55% of cells in the PB1-F2 treatment group, compared with only 7% in the control group (Chen et al., 2001). In addition, when PB1-F2 was co-transfected with the anti-apoptotic protein Bcl-2 in Cc-GFP HeLa cells, release of Cc-GFP was decreased. Moreover, PB1-F2 can interact with adenine nucleotide translocase 3 (ANT3) and voltage-dependent anion-selective channel 1 (VDAC1), which are critical components of the pore complex on the mitochondrial membrane. When bongkrekic acid, a ANT3 inhibitor, was incubated with PB1-F2, apoptosis was also blocked partially (Figure 1; Zamarin et al., 2005).
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FIGURE 1. Viral proteins involved in intrinsic apoptosis and necroptosis during influenza A virus (IAV) infection. The IAV progeny ribonucleoprotein complex (vRNP) is sensed by DAI via recruitment of RIPK3 to activate MLKL. NS1 directly interacts with MLKL and induces its oligomerization. NS1 also can induce apoptosis; however, the underlying mechanism is not well understood. NA interacts with CEACAM6 and increases the phosphorylation of Src, AKT, and Bcl-2, thereby inhibiting apoptosis. When M1 binds with Hsp70, apoptosome formation is blocked. When NP interacts with CLU and RNF43, its ability to resist apoptosis is weakened by interference with the mitochondrial translocation of Bax. NP also promotes apoptosis by down-regulating API5 expression, thereby inhibiting E2F1 recruitment to the Apaf-1 promoter. The expression of Apaf-1 is then blocked, and apoptosome formation is impaired. PB1-F2 interacts with ANT3 and VDAC1, resulting in increased permeability of the mitochondrial outer membrane and induction of cytochrome c release.


In addition, the IAV nucleoprotein (NP), which is an essential part of the vRNP, also plays vital roles in promoting apoptosis and viral proliferation (Nailwal et al., 2015). NP induces apoptosis by hijacking host proteins such as clusterin precursor (CLU), RING finger protein 43 (RNF43), and apoptosis inhibitor 5 (API5). CLU was the first host protein identified, and has been shown to interact with NP to regulate apoptosis. CLU binds with Bax to inhibit the mitochondrial translocation of Bax and prevent apoptosis. However, when NP interacts with CLU, the interaction blocks the binding of CLU and Bax, thereby promoting apoptosis (Figure 1). Previous studies have evaluated the p53-Bax mitochondrial apoptosis network (McCurrach et al., 1997; Chipuk and Green, 2004; Chipuk et al., 2004; Ohtsuka et al., 2004) and shown that p53 is degraded by the host protein RNF43 through ubiquitination; however, ubiquitination is hampered when NP binds with RNF43, thereby promoting apoptosis (Figure 1; Nailwal et al., 2015). API5 is an anti-apoptotic protein whose mRNA and protein levels are down-regulated when NP is overexpressed or when the cells were infected with IAV (Mayank et al., 2015). Further studies have demonstrated that NP promotes apoptosis by down-regulating API5, thereby interfering with E2F1. This blocks recruitment of E2F1 to the apoptotic protease-activating factor-1 (Apaf-1) promoter, resulting in downregulation of Apaf-1 and thereby impairing apoptosome formation (Figure 1; Mayank et al., 2015). Neuraminidase (NA) protein functions primarily to facilitate the release of progeny virions. However, a recent study showed that NA also interacts with carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) to increase the phosphorylation of Src, AKT, and Bcl-2, resulting in inhibition of apoptosis and promotion of cell survival (Figure 1; Gaur et al., 2012).

The microenvironmental perturbations caused by IAV infection include autophagy and ER stress, both of which are implicated in IAV-induced apoptosis (Frabutt et al., 2018; Yeganeh et al., 2018). Both hemagglutinin (HA) which is responsible for viral attachment to cell-surface sialic acid residues and subsequent fusion of the viral and host cell membranes and NA proteins trigger the ER stress response (Frabutt et al., 2018; Slaine et al., 2021). Upon IAV infection, the ER stress markers (transcription factor 6 (ATF6) and endoplasmic reticulum protein 57-kDa (ERp57) are significantly upregulated compared with that in the control group, whereas RNAi knockdown of ATF6 and ERp57 reduces the activity of caspase-3 (Roberson et al., 2012). In addition to the ER stress pathway, autophagy is also implicated in IAV-induced apoptosis. One major characteristic of autophagy is the formation of autophagosomes, which capture cellular components, and fuse with lysosomes, where the cargo is degraded (Gannage et al., 2009; Maiuri et al., 2010). Upon IAV infection, autophagosomes accumulate, and the formation of autophagosome-lysosome complexes can be blocked by M2 ion channels, which function to facilitate fusion between the viral envelope and the endosomal membrane to mediate genome uncoating; these complexes the interact with ATG5/Beclin-1, enabling evasion of autophagy-mediated viral clearance, which significantly enhances apoptosis following IAV infection (Gannage et al., 2009).

The apoptosome consists of Apaf-1, Apaf-2 (Cyt c), Apaf-3 (caspase-9 precursor), and dATP. When Apaf-1 interacts with Apaf-3 through its N-terminal CARD domain in the presence of Apaf-2 and dATP, pro-caspase-9 is activated and converted to effector caspase-9, which initiates the caspase cascade (Liu et al., 1996; Li et al., 1997). Furthermore, Apaf-1 interacts with the C-terminal of heat shock protein 70 (Hsp70), which inhibits apoptosome formation and reduces apoptosis; however, M1 can bind with the substrate-binding domain of Hsp70 and interferes with the anti-apoptotic function of Hsp70 (Figure 1; Halder et al., 2011).

DAI (ZBP1/DLM-1) has been shown to act a cytoplasmic DNA sensor (Wang et al., 2008; Rebsamen et al., 2009; DeFilippis et al., 2010). In addition, upon IAV infection, pattern recognition receptors (PRRs) are also involved in the mechanism of cell death. In particular, DAI, which belongs to the cytosolic DNA sensor family, is one of the most important PRRs and, directly participates in IAV-induced cell death (here, we limit our discussion to its role in apoptosis). Recent studies have demonstrated that vRNPs with defective viral genomes are directly sensed by the Zα domains of DAI (Thapa et al., 2016; Kesavardhana et al., 2017; Wang et al., 2019; Zhang T. et al., 2020).

During IAV infection, DAI recruits RIPK3 to activate downstream signaling via its RIPK homotypic interaction motif (RHIM) domains (Thapa et al., 2016; Kesavardhana et al., 2017). The activation of caspase-8 and caspase-3 is abrogated in DAI–/–and RIPK3–/– cells, thereby inhibiting apoptosis (Kuriakose et al., 2016). Accordingly, IAV may promote apoptosis through the DAI/RIPK3/caspase-8 axis (Figure 1).

Non-structural protein 1 (NS1), which is encoded by the IAV NS gene, can antagonize innate immunity, e.g., by suppressing IFN-I secretion, and promote viral replication. NS1 has also been shown to be involved in the regulation of apoptosis; however, the mechanism is still unclear (Schultz-Cherry et al., 2001; Zhirnov et al., 2002; Lam et al., 2008). A comparison of apoptosis in cultured cells infected with wild-type (WT) IAVs (A/PR/8/34) and recombinant viruses with a mutant NS1 gene (Schultz-Cherry et al., 2001) showed that typical apoptotic features, such as DNA fragmentation, were observed in WT IAVs, but not in mutant virus (Figure 1; Schultz-Cherry et al., 2001). Further studies are needed to assess the molecular mechanisms.



EXTRINSIC APOPTOSIS

In addition to intrinsic pathways, IAV can mediate apoptosis via extrinsic signaling. The extrinsic apoptosis pathway is mediated by specific cell surface death receptors belonging to the tumor necrotic factor (TNF) receptor (TNFR) family, namely, TNFR1, Fas, and TRAIL-R1/2 (Figure 2; Nagata, 1999; MacFarlane et al., 2005; Vanden Berghe et al., 2015). All of these receptors possess an intracellular death domain (DD), which can recruit downstream adaptor proteins to assemble a set of complexes. The complexes activate caspase-8 and then induce apoptosis through a variety of homotypic interactions (Lee et al., 2012; Nair et al., 2014). These processes are tightly regulated and connected with necroptosis (Guo et al., 2015). TNFR1 plays a major role in mediating extrinsic apoptosis, and this process has been studied thoroughly. Here, we will use the TNRF1 pathway as an example to explain progress in studies of extrinsic apoptosis.
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FIGURE 2. Extrinsic apoptosis and necroptosis pathways during IAV infection. IAV infection can lead to upregulation of the death receptor ligands TNFα and FasL and the pattern recognition receptors TLR3/4 as well as downregulation of cFLIP.


The binding of TNFα and TNFR1 does not always result in cell death. The fate of the cell, i.e., whether it survives or dies, is controlled by multiple key checkpoints (Vanden Berghe et al., 2015). When TNFR1 is activated, it recruits downstream adaptors, such as TRADD, TRAF2, RIPK1, and E3 ubiquitin ligases, and binds to cellular inhibitor of apoptosis 1 (cIAP) 1 and (cIAP2) to assemble complex-I via its DD (Dondelinger et al., 2013; Annibaldi and Meier, 2018). RIPK1 is subsequently ubiquitinated by cIAPs to form linear ubiquitins (Annibaldi and Meier, 2018). Then, these ubiquitin chains act as a signaling scaffold to recruit the kinase complex transforming growth factor (TGF)-β-activated kinase 1 (TAK1)/TGF-β activated kinase 1 binding protein (TAB) 2/TAB3/IκB kinase (IKK) after TNFα stimulation (Jaco et al., 2017; Annibaldi and Meier, 2018). The dissociation of RIPK1 from complex-I to assemble complex-II and its combination with the downstream adaptor protein FADD and pro-caspase-8 are dependent on some vital checkpoints (Annibaldi and Meier, 2018). In complex-I, RIPK1 is directly phosphorylated by TAK1/IKKα/IKKβ to inhibit complex-II formation and apoptosis (Dondelinger et al., 2015; Annibaldi and Meier, 2018). In addition, MK2 and nuclear factor (NF)-κB can also be activated by TAK1 and IKK, respectively, resulting in the phosphorylation of cytoplasmic RIPK1, thereby, impairing complex-II assembly and the production of pro-survival molecules, such as cellular FADD-like interleukin (IL)-1β-converting enzyme-inhibitory protein (cFLIP), to inhibit the activation of caspase-8 (Dondelinger et al., 2017; Jaco et al., 2017; Annibaldi and Meier, 2018). However, little is known about the strategies developed by IAVs to modulate extrinsic apoptosis. Fortunately, IAV infection may upregulate pro-apoptotic TNFα and FasL and downregulate anti-apoptotic cFLIP in vivo and in vitro; therefore, we speculate that IAVs can mediate apoptosis via TNFα, FasL, and cFLIP (Figure 2; Herold et al., 2008; Monteerarat et al., 2010). Additionally, influenza viruses that use other strategies to manipulate extrinsic apoptosis cannot be excluded.



NECROPTOSIS DURING INFLUENZA A VIRUS INFECTION

Necroptosis is a newly identified mode of programmed cell death that can be triggered in multiple ways. Based on the molecular events involved, necroptosis can be divided into canonical and non-canonical pathways and is intimately associated with apoptosis through RIPK1 in the canonical pathway (Green and Llambi, 2015). In this pathway, RIPK1, TRADD, and FADD recruit different types of downstream adaptor proteins and assemble into a dynamic complex called complex-IIa after de-ubiquitination, checkpoint escape, and dissociation from complex-I. Complex-IIa determines the ultimate fate of the cell. The homodimer of pro-caspase-8 is recruited to form complex-IIa, which activates pro-caspase-8, thereby inducing apoptosis (Green and Llambi, 2015). Typically, cFLIP, which is a structural analog of pro-caspase-8, recruits complex-IIa to form heterodimers with pro-caspase-8 and prevent its activation (Green and Llambi, 2015). As shown in Figure 2, both pro-caspase-8 homodimer and pro-caspase-8/cFLIP heterodimer can cleave essential necrosis modulators, such as RIPK1 and RIPK3. Thus, pro-caspase-8/cFLIP heterodimer can inhibit both apoptosis and necroptosis (Green and Llambi, 2015). However, when the function of either caspase-8 or cFLIP is suppressed, RIPK1 and RIPK3 forms an amyloid-like, intracellular complex-IIb (necrosome) to transmit the necroptosis signal through the downstream protein MLKL. MLKL is a pseudokinase that is phosphorylated and transferred to the cellular membrane after forming oligomers. Then, a pore is formed on the cellular membrane, which can lead to leakage of intracellular contents and induce necroptosis (Green and Llambi, 2015). However, the extent to which IAV is involved in this process is unclear. To date, only NS1 has been shown to interact with MLKL and induce its oligomerization, followed by disruption of the cell membranes (Figure 1; Gaba et al., 2019). Toll-like receptor (TLR) 3/4—mediated necroptosis is another non-canonical pathway that involves the downstream adaptor TIR-domain-containing adapter-inducing IFN-β (TRIF), which contains a C-terminal RHIM motif, and recruit RIPK3 to participate in necroptosis (He et al., 2011; Tsai et al., 2014). In fact, TLR3/4 are significantly upregulated in vivo and in vitro during IAV infection, and MyD88 and TRIF can be recruited to activate the downstream signaling molecules IFN regulatory factor 3 and NF-κB, which are closely related to inflammation and cell death (Figure 2; Le Goffic et al., 2007; He et al., 2011; Matsumoto et al., 2011; Tsai et al., 2014, 2015; Ma et al., 2020; Bertheloot et al., 2021). Current studies have suggested that IAV may trigger necroptosis through the TLR3/4/TRIF pathway, although direct evidence for IAV-induced necroptosis through this axis is lacking (Figure 2; Le Goffic et al., 2007; He et al., 2011; Matsumoto et al., 2011; Tsai et al., 2014, 2015).

In addition to its roles in apoptosis, DAI has also been associated with necroptosis. vRNPs are sensed by DAI, which then recruits the downstream protein RIPK3 and activates MLKL to induce necroptosis (Kuriakose et al., 2016; Thapa et al., 2016; Kesavardhana et al., 2017). Necrosomes and the phosphorylated form of MLKL in DAI–/– murine embryo fibroblasts or LET1 cells were undetected after IAV infection (Thapa et al., 2016). However, when MLKL–/– murine bone marrow-derived macrophages (BMDMs) were infected with IAV, the activated forms of caspase-1 and caspase-8 were detected (Kuriakose et al., 2016). Furthermore, cell death in MLKL–/– BMDMs showed no difference compared with that in WT BMDMs (Kuriakose et al., 2016). Intriguingly, a broad spectrum caspase inhibitor, Z-VAD-FMK, prevented cell death in MLKL–/– BMDMs (Kuriakose et al., 2016). These results demonstrated that multiple cell death pathways, including necroptosis, could be activated in IAV-infected cells. Moreover, the HA protein of seasonal IAV seems to be involved in necroptosis (Hartmann et al., 2017). However, the underlying mechanism has not yet been elucidated (Table 1 and Figure 1).



PYROPTOSIS DURING INFLUENZA A VIRUS INFECTION

For many years, pyroptosis was regarded as a caspase-1 mediated cell death mechanism in monocytes infected with bacteria, and caspase-1 was considered the executioner of pyroptosis (Shi et al., 2017). However, caspase-1 is now considered to a downstream product of inflammasomes, including AIM2/ASC, NLRC4, NLRP3/ASC, Pyrin/ASC, and NLRP1. The real pyroptosis executioner is gasdermin D (GSDMD). GSDMD is cleaved by caspase-1, which leads to exposure of the N domain of GSDMD and pore formation, thereby inducing pyroptosis (Ding et al., 2016). In an addition to caspase-1, caspases-4, −5, −8, and −11 have been shown to cleave GSDMD and trigger pyroptosis directly via a non-canonical pathway (Shi et al., 2014, 2017; Orning et al., 2018).

Pyroptosis has also been observed during IAV infection. Indeed, PB1-F2 from PR8 and H7N9 viruses was shown to induce ASC speck formation, NLRP3 activation, and IL-1β secretion (Pinar et al., 2017). These results are consistent with previous studies (Figure 3; McAuley et al., 2013). The influenza virus M2 protein was found to activate inflammasome and induce pyroptosis by modifying intracellular pH (Figure 3; Ichinohe et al., 2010). Several studies have indicated that DAI is also involved in the regulation of pyroptosis during IAV infection (Kuriakose et al., 2016; Thapa et al., 2016). A previous study demonstrated that DAI recognize vRNPs and triggers pyroptosis during IAV infection. Moreover, in DAI–/– or RIPK3–/–caspase-8–/– BMDMs, the active form of caspase-1 is completely abolished. Even in RIPK3–/– BMDMs, the activation of caspase-1 is extremely reduced compared with that in WT BMDMs. IL-1β and IL-18 are also significantly downregulated (Kuriakose et al., 2016). These results indicate that RIPK3-caspase-8 is located upstream of GSDMD and downstream of DAI; however, it is not clear how the DAI–RIPK3–caspase-8 signal induces pyroptosis. Nevertheless, GSDMD is cleaved by caspase-8 (Orning et al., 2018; Sarhan et al., 2018) and the N-terminal GSDMD fragment, which is the active form of GSDMD, triggers the activation of NLRP3-dependent caspase-1 via non-canonical inflammasome signaling (Kayagaki et al., 2015). Based on these studies, IAV infection may trigger pyroptosis via the RIPK1-RIPK3-caspase-8-GSDMD axis and then induce inflammation, leading to pyroptosis via the NLRP3-dependent caspase-1 activation signal (Figure 3).
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FIGURE 3. Pyroptosis pathways induced by IAV. The IAV progeny ribonucleoprotein complex (vRNP) is sensed by DAI via recruitment of RIPK3 to activate caspase-8. Caspase-8 may cleave GSDMD, and the N-terminal GSDMD fragment then activates NLRP3-dependent caspase-1. PB1-F2 can induce ASC speck formation, NLRP3 activation, and cleavage of caspase-1. M2 is translocated to the Golgi apparatus as a proton ion channel to alter the pH of intracellular compartments and activate inflammasomes.


Cell death is a vital part of the immune response against viral infection, and can suppress virus replication. However, excessive cell death may induce cytokine storms, thereby worsening the disease. This contradictory phenomenon has been observed in previous studies (Kuriakose et al., 2016; Thapa et al., 2016). For example, DAI is a pivotal sensor that can sense the vRNP of IAV and induce cell death (Kesavardhana et al., 2017). In a comparative analysis of WT and DAI–/– mice infected with the PR8 influenza strain, all WT mice recovered from viral infection within 15–18 days post-infection (Thapa et al., 2016). However, 80% of DAI–/– mice succumbed to IAV infection. Higher lung viral titers and longer recovery times were observed in DAI–/– mice compared with those in WT mice (Thapa et al., 2016). Thus, the role of DAI in IAV infection is controversial. Kuriakose et al. (2016) reported a decrease in mortality in IAV-infected DAI–/– mice, although these mice had higher lung viral titers (Kuriakose et al., 2016). Moreover, the inflammatory response and epithelial damage in IAV-infected DAI–/– mice are both reduced (Kuriakose et al., 2016), consistent with the findings of Thapa et al. (2016). However, the differences between these studies remain unexplained. Over all, the results of the animal experiments indicated that IAV-mediated cell death is decreased, whereas viral replication and inflammation responses are attenuated. Further studies are needed to assess whether these features are associated with a good prognosis.



CROSS-TALK AMONG APOPTOSIS, NECROPTOSIS, AND PYROPTOSIS

Upon infection with IAV, apoptosis, necroptosis, and pyroptosis (PANoptosis) have been observed both in vitro and in vivo (Lee et al., 2018). DAI has been found to directly recognize vRNPs and recruit an array of molecules, namely, NLRP3, RIPK1, RIPK3, caspase-8, caspase-6, and ASC, to form a multiprotein platform called PANoptosome (Christgen et al., 2020; Zheng et al., 2020). The PANoptosome initiates the cell death signal, i.e., PANoptosis. The interaction between DAI and different adaptors activates distinct forms of cell death (Kuriakose et al., 2016; Thapa et al., 2016). DAI-RIPK1-FADD-CASPASE-8 signaling pathway promotes apoptosis (Thapa et al., 2016). The DAI-RIPK3-MLKL signaling pathway induces necroptosis (Thapa et al., 2016), and the DAI-NLRP3-CASPASE-1 signaling pathway triggers pyroptosis (Kuriakose et al., 2016). Although the critical initiator, DAI, is involved in PANoptosis during IAV infection, the molecular details of the formation and dissociation of the PANoptosome remain poorly understood. Furthermore, although vRNPs are recognized by DAI, it is unclear which cell death signal is activated preferentially, and the precise spatio-temporal order and the mechanisms of different cell death signaling cascades also remain unclear. Thus, further research focusing on elucidating of these mechanisms is necessary to identify novel targets for drug development.



CELL DEATH AND INFLAMMATION

Eukaryotic cells can die via several distinct biochemical pathways, which exhibit diverse physiological and morphological features (D’Arcy, 2019). Cell death plays a critical role in organism development and host defense (Barber, 2001). IAV infection commits the cell to cell death in the form of apoptosis, necroptosis, and pyroptosis (PANoptosis) (Thapa et al., 2016). Apoptotic cells preserve membrane integrity and are considered an immunologically silent form of cell death, enabling phagocytes to engulf themselves (a process called “efferocytosis”) via phosphatidylserine on the apoptotic surface (Elmore, 2007; Poon et al., 2014). By contrast, the persistence of uncleared apoptotic bodies can lead to rupture of the plasma membrane, which releases a series of damage-associated molecular patterns and triggers the inflammatory response (Poon et al., 2014; Venereau et al., 2015). Thus, the efficient clearance of IAV-infected apoptotic bodies by phagocytes is crucial to prevent further exacerbation of the inflammatory response. Phagocytosis of apoptotic bodies and IAV-infected cells by macrophages was discovered in the bronchi alveolar lavage fluid and lung tissue (Atkin-Smith et al., 2018). However, necroptosis and pyroptosis are forms of pro-inflammatory cell death, and the contents of necrotic cells released into the extracellular space elevate inflammation via multiple PRRs (Kang et al., 2014; Venereau et al., 2015). By contrast, pyroptotic cells, through persistent activation and release of the pro-inflammatory cytokines IL-1β and IL-18, ultimately exacerbate inflammation (Kuriakose et al., 2016; Lee et al., 2018). Eventually, excessive cell death within the upper and lower respiratory tracts and lung parenchyma further exacerbates inflammation, compromises the integrity of the epithelial cell barrier, and contributes to respiratory failure (Atkin-Smith et al., 2018).



CONCLUSION

Although some in vivo animal experiments have been performed, most of the research on programmed cell death in IAV infection has been based on in vitro experiments, which do not reflect the true course of the IAV infection. Despite the limitations of these experiments, the data can be utilized to elucidate the relationships among cell death, viral replication, and inflammatory responses. For example, CLU and API5 can alleviate the pro-apoptotic effects of NP, and significantly reduce cell death and suppress viral replication (Morris et al., 2006; Mayank et al., 2015). By contrast, one study showed that although the host protein CEACAM6 promotes cell survival, it also enhances viral replication (Gaur et al., 2012). It is unclear why these in vitro cell assays have yielded paradoxical results; however, these contradictions may be related to the differences in the influenza viral strains used, infection times, and infection dosages in the testing regime. More scientifically rigorous methodologies must be developed to address this issue. Moreover, analyses of clinical cases may provide some insights. A recent study of fatal cases of IAV infection revealed diffuse alveolar damage and cell death, providing insights into the relationships between cell death and disease prognosis (De Jong et al., 2006). Importantly, cytokine storm has also been shown to be closely associated with cell death. In addition to cytokine storm in IAV infection, this phenomenon has also been observed in severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), and SARS-CoV-2 infections and has been shown to be associated with disease severity and mortality (Cao, 2020; Felsenstein et al., 2020; Zhang Y. et al., 2020). Accordingly, these findings suggest that excessive cell death may cause serious severe tissue damage and hypercytokinemia. Further studies are needed to investigate the relationships among cell death, inflammatory reactions, viral replication, and disease prognosis in IAV infection.
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Background: Influenza and COVID-19 are respiratory infectious diseases that are characterized by high contagiousness and high mutation and pose a serious threat to global health. After Influenza A virus (IAV) and SARS-CoV-2 infection, severe cases may develop into acute lung injury. Immune factors act as an important role during infection and inflammation. However, the molecular immune mechanisms still remain unclear. We aimed to explore immune-related host factors and core biomarker for severe infection, to provide a new therapeutic target of host factor in patients.

Methods: Gene expression profiles were obtained from Gene Expression Omnibus and the Seurat R package was used for data process of single-cell transcriptome. Differentially expressed gene analysis and cell cluster were used to explore core host genes and source cells of genes. We performed Gene Ontology enrichment, Kyoto Encyclopedia of Genes and Genomes analysis, and gene set enrichment analysis to explore potential biological functions of genes. Gene set variation analysis was used to evaluate the important gene set variation score for different samples. We conduct Enzyme-linked immunosorbent assay (ELISA) to test plasma concentrations of Lipocalin 2 (LCN2).

Results: Multiple virus-related, cytokine-related, and chemokine-related pathways involved in process of IAV infection and inflammatory response mainly derive from macrophages and neutrophils. LCN2 mainly in neutrophils was significantly upregulated after either IAV or SARS-CoV-2 infection and positively correlated with disease severity. The plasma LCN2 of influenza patients were elevated significantly compared with healthy controls by ELISA and positively correlated with disease severity of influenza patients. Further bioinformatics analysis revealed that LCN2 involved in functions of neutrophils, including neutrophil degranulation, neutrophil activation involved in immune response, and neutrophil extracellular trap formation.

Conclusion: The neutrophil-related LCN2 could be a promising biomarker for predicting severity of patients with IAV and SARS-CoV-2 infection and may as a new treatment target in severe patients.

Keywords: severe infection, inflammatory response, Lipocalin 2, IAV, SARS-CoV-2


INTRODUCTION

Respiratory virus infection represented by influenza and COVID-19 poses a serious threat to global health. Several influenza pandemics happened since the last century, including Spanish influenza in 1918, Asian influenza in 1957, Hong Kong influenza in 1968, and swine influenza in 2009, which have caused serious damage to the global economy and human health (Ziegler et al., 2018). SARS-Cov-2 (Li et al., 2021), a new coronavirus, first reported in 2020 by China, has been spreading around the world for nearly 2 years. By December 31, 2021, a total of 281,808,270 confirmed cases and 5,411,759 deaths have been reported globally by WHO. As the virus evolves, new strains emerge gradually, such as alpha, beta, delta, and omicron, which make the existing vaccine less effective (Callaway, 2021). Options for the treatment of both influenza and COVID-19 are currently limited. Moreover, the effect of antiviral therapy is affected by the timing of administration and emergence of drug-resistant strains (Lampejo, 2020).

Common respiratory viruses including Influenza A virus (IAV) and SARS-Cov-2 belong to RNA virus, and they have limited protein-coding capacity and rely on host factors for replication to complete the life cycle. Meanwhile, expression of host factors is altered by virus stimulation during the process of virus infection. Interaction between hosts and the virus determines prognosis of the disease (Ito et al., 2011; Mahler et al., 2021). Although an effective immune response is indispensible for eliminating virus, exaggerated response characterized by the so-called “cytokine storm” can trigger severe immune pathological damage (Karki et al., 2021; Rappe et al., 2021). Changes in the expression levels of host factors and abnormal immunity, such as cytokine storm (Liu et al., 2016; Guo and Thomas, 2017), lymphopenia (Cheng et al., 2019; Zhang et al., 2020b), and T cell exhaustion (Valero-Pacheco et al., 2013; Diao et al., 2020), during virus infection have been reported. Because of the conserved feature, host factors targeting therapy offers a new approach for the treatment of respiratory viral infection, and it is expected to limit viral replication, alleviate immune-mediated damage, and decrease mortality in severe infection hosts. In recent decades, series host factors have been found to have potential therapeutic value. However, the accurate key molecules and origin cells of host factors remain unclear.

Single-cell transcriptome sequencing (scRNA-seq) has recently emerged as a powerful method to identify cell types and analyze functional status at single-cell level (Dal Molin and Di Camillo, 2019). scRNA-seq is widely used in various fields including cancer (Suvà and Tirosh, 2019), developmental biology (Griffiths et al., 2018), and microbiology (Imdahl and Saliba, 2020) and has become a promising research tool in the fields of life sciences. scRNA-seq results of COVID-19 find that changes of host factors including EN-RAGE, TNFSF14, oncostatin M, ANXA1, FPR1, and S100A8/9 are correlated with disease severity, revealing the possible pathogenesis of severe COVID-19 and potential host therapeutic targets (Arunachalam et al., 2020; Guo et al., 2021; Ren et al., 2021).

To systematically identify the role of host factors in respiratory virus infection, we analyzed the public transcriptomics data of IAV and SARS-CoV-2 infection to further understand changes in host functions and identify important host factors in mice and human. We found that Lipocalin 2 (LCN2) increased in influenza and COVID-19 and positively correlated with disease severity of infected patients, which was associated with neutrophil degranulation, neutrophil associated inflammation, and neutrophil extracellular trap (NET) formation by bioinformatics functional analysis. The plasma LCN2 of clinical influenza patients was elevated significantly compared with healthy controls by enzyme-linked immunosorbent assay (ELISA) and positively correlated with disease severity of influenza patients. Therefore, neutrophil-related LCN2 might be an early biomarker for predicting severity of disease and provide a new method for therapy targeting of host factor in patients with severe IAV and SARS-CoV-2 infection.



MATERIALS AND METHODS


Dataset Acquisition

The scRNA-seq data, microarray data, and RNA-seq data obtained from Gene Expression Omnibus (GEO)1 were included in this study for analysis. The selection criteria of mice datasets were as follows: (1) inclusion lung tissue or whole-blood samples from IAV infection and control mice within 3 days post infection (dpi), datasets involved with other factors (drug intervention and gene knockout) were excluded; (2) every group of dataset contained at least three reduplicate samples; and (3) with the mature of sequencing technology, datasets were selected in 2019–2021. On the basis of these criteria, GSE80011 and GSE124404 were obtained. However, GSE107947 was the only scRNA-seq data of influenza mice in GEO. Given that administration of aerosolized SARS-CoV-2 to K18-hACE2 mice could simulate the real situation well (Fumagalli et al., 2022), GSE184657 was the only dataset included in subsequent analysis of SARS-CoV-2. The scRNA-seq data (GSE107947) of four lung samples of mice were composed of one control sample, two influenza samples (A/PR/8) at 48 hours post infection (hpi), and one influenza sample at 72 hpi, containing 3,840 CD45-negative (CD45-) cells and 3,840 CD45-positive (CD45 +) cells. The microarray dataset (GSE80011) contained three influenza (A/WSN/33) and three control lung samples of mice at 24 hpi. The RNA-seq profiles (GSE124404) of six blood samples included three control mice and three mice with influenza (A/PR/8) at 48 hpi. The RNA-seq profiles (GSE184657) contained four mice with SARS-Cov-2 infection and two control mice at 6 dpi.

The datasets of patients met the following criteria: (1) lung tissue or whole-blood samples from IAV and SARS-Cov-2 infection; (2) datasets contained at least 30 samples; and (3) patients contained various severity classifications. The clinical whole-blood samples of patients with influenza and COVID-19 were composed of GSE111368 and GSE157103. The severity of patients with influenza was divided into mild, moderate, and severe on the basis of whether supplemental oxygen and invasive mechanical ventilation was required. We acquired 130 healthy control samples, the earliest acute stage samples of 94 patients with pH1N1 infection and 44 paired convalescent samples for analysis from GSE111368. The COVID-19 dataset (GSE157103) contained 100 patients, which were recorded clinical information, such as need for admission into the intensive care unit (ICU) and requiring mechanical ventilation support, sequential organ failure assessment (SOFA) scores, and acute physiology and chronic health evaluation (APACHE II) score.



Single-Cell RNA-seq Data Processing

The Seurat R package 4.0.0 was used for data filtering, statistical analysis, and exploration of the scRNA-seq data. We used the same rigorous method to process data of CD45- cells and CD45 + cells separately. First, we discarded low-quality cells on the basis of the quality control standards that every cell expressed > 200 genes and genes expressed in > 3 cells. Then, the gene expression of remaining cells was normalized, and 2,000 highly variable genes from each sample were identified by the vst method. All genes were scaled, and the principal component analysis was conducted. The cells were clustered by unsupervised clustering (resolution = 0.5) and visualized by t-distributed stochastic neighbor embedding (tSNE) using the top 10 principal components. Last, we annotated cell types through known marker gene in each cluster of CD45- cells and CD45 + cells. Differentially expressed genes (DEGs) were found using the FindMarkers in Seurat R package.



Differentially Expressed Genes, Functional Enrichment Analysis, Gene Set Enrichment Analysis, and Gene Set Variation Analysis

To estimate the difference among different groups, DEGs were identified using the limma package in R software (version 4.0.4) and selected with the commonly used thresholds of fold change (FC) > 2 and adj. p value < 0.05. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were performed using clusterprofiler package in R software and p < 0.05 was considered statistically significant. We performed gene set enrichment analysis (GSEA) between patients with high LCN2 and low LCN2 with the R package clusterprofiler. To investigate intensity of response to virus and inflammatory response pathways in different cell types, we performed gene set variation analysis (GSVA) with GSVA R package.



Patients and Clinical Information

The clinical study of patients with IAV infection included 25 healthy controls and 43 influenza patients from the Department of Pulmonary and Critical Care Medicine of China-Japan Friendship Hospital during influenza season of 2017–2021. The study was approved by China-Japan Friendship Hospital Ethics Committee (approval no. 2018-120-K86). The patients must meet the following criteria: (i) reverse transcription PCR testing of an appropriate respiratory tract sample was positive; (ii) the time from onset of influenza-like symptoms was ≤14 days; (iii) acute blood samples within 48 h after hospitalization were able to obtain; and (iv) age was > 18 years old. In accordance with the upper classification criteria of severity, severe influenza was defined with respiratory failure that needed invasive mechanical ventilation. Moderate influenza was defined with damage of respiratory function that required supplemental oxygen therapy, including nasal high-flow oxygen therapy and/or non-invasive mechanical ventilatory support. Mild influenza was defined without supplemental oxygen. Forty-three influenza patients contained eight mild patients, 19 moderate patients, and 16 severe patients. Important clinical information including age, sex, and incidence of acute respiratory distress syndrome (ARDS) were obtained from medical records.



Enzyme-Linked Immunosorbent Assay

Lipocalin 2 expression levels of plasma were measured using the human LCN2 enzyme immunoassay kit (Elabscience, Wuhan, China) according to the manufacturer’s instructions.



Statistical Analysis

The Student’s t-test or Mann–Whitney U test (t-test or wilcox test in R 4.0.4) was used to compare two group differences, as appropriate. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 represent significant statistical differences.




RESULTS


Inflammatory Response Mainly Derives From Macrophages and Neutrophils After IAV Infection

According to quality control standards, 1,228 cells were excluded, and 6,452 cells were included in the scRNA-seq data GSE107947. These cells consisted of 3,211 CD45- cells and 3,241 CD45 + cells using flow cytometry sorting technology. To examine the host immune response characteristics in a cell type–specific manner, 3,211 CD45- cells and 3,241 CD45 + cells were subjected to tSNE on the basis of highly variable genes using the Seurat package. These cells were successfully classified into 10 different clusters unbiased separately (Supplementary Figure 1). These clusters of CD45- cells were assigned to three different cell types (Figure 1A), and these clusters of CD45 + cells were annotated to six different cell types (Figure 1B) on the basis of well-known marker genes (Supplementary Figure 2). The CD45- cells included endothelial cells, mesenchymal cells, and epithelial cells. CD45 + cells contained T cells, B cells, mononuclear phagocyte system (MPS), natural killer (NK) cells, neutrophils, and dendritic cells (DC). To illustrate immunological changes after influenza infection, we analyzed the dynamic change of relative proportions of immune cells in the lung tissue of mice (Figure 1C). After influenza infection, the percentage of MPS, neutrophils, and DC significantly increased, whereas that of B cells significantly decreased. In addition, the percentage of NK cells and T cells at 72 hpi decreased slightly compared with that at 48 hpi.
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FIGURE 1. Immune landscape associated with IAV infection. Cellular subsets from CD45- (A) and CD45 + (B) cells in the lung (GSE107947). (C) Proportions of immune cells clusters in different studied subjects. (D) Top 20 upregulated genes of neutrophils at 48 hpi and MPS at 72 hpi. (E) Top eight GO terms of BP and MF in neutrophils. (F) Top eight GO terms of BP and MF in MPS. GSVA scores of response to virus (G) and inflammatory response (H) in different cell types.


Neutrophils and macrophages were important immune cells that were involved in the important human host mechanism against microorganisms. In this study, neutrophils significantly increased at 48 hpi, and macrophages rose noticeably at 72 hpi. Interferon-stimulated genes (Ifit1, Rsad2, and Isg15), and chemokine (Cxcl10, Ccl2, and Ccl4) were significantly upregulated in neutrophils and macrophages (Figure 1D). GO enrichment analysis showed that DEGs were related to antiviral immune-related biological processes and cytokine/chemokine related molecular function in neutrophils (Figure 1E). The function analysis of macrophages was also related to leukocyte migration, antiviral immune, and cytokine/chemokine activity (Figure 1F). It is well known that a large number of cytokines (e.g., IL-1β, IL-6, and TNF-α) are produced in the process of inflammatory response and cytokine storm was correlated with disease severity and worse prognosis (Tisoncik et al., 2012). However, what kind of cells is mainly involved in the inflammatory response remains unclear. We evaluated GSVA score of response to virus and inflammatory response among all cell types. The results revealed that MPS and neutrophils showed a higher expression level in both response to virus and inflammatory response pathways (Figures 1G,H). It suggests that these cells may mediate hyper-inflammatory features and are an important source of cytokine storm after influenza infection.



Expression of Lipocalin 2 in Neutrophils Was Upregulated After IAV Infection in Mice

To screen key genes in influenza, difference analysis was performed between control mice and IAV infection mice at 48 and 72 hpi. Top 10 upregulated and downregulated genes at 48 and 72 hpi were selected to take the intersection, and six overlapping upregulated genes were filtered, including Rsad2, Cxcl10, Saa3, Irf7, Il1rn, and LCN2 (Figure 2A). Rsad2, Cxcl10 (Yang et al., 2020), Saa3 (Ather et al., 2018), Irf7 (Hatesuer et al., 2017), and Il1rn (Schmitz et al., 2005), which have been reported in influenza, whereas the role of LCN2 in influenza was still unknown. We explored the distribution of LCN2 among all cell types using tSNE and found LCN2 mainly expressed in neutrophils (Figure 2B) and partially expressed in CD45- cells (Supplementary Figure 3). Moreover, expression of LCN2 in neutrophils was upregulated after influenza infection (Figure 2C), and it was also upregulated in little other myeloid cells (Supplementary Figure 4).
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FIGURE 2. Identification and validation of key genes in IAV infection in public dataset. (A) Venn diagram to indicate 9 shared genes from DEGs and log2 fold change of shared genes (GSE107947). (B) Expression level of LCN2 in immune cells. (C) LCN2 expression level of neutrophils in different groups. (D,E) Validation of LCN2 in IAV infection.


To verify this finding, the expression levels of LCN2 in mice infected with influenza virus were assessed with another two datasets (GSE80011 and GSE124404). The microarray dataset GSE80011 contained three influenza and three control lung tissues of mice at 24 hpi. As shown in Figure 2D, the expression levels of LCN2 was significantly higher in the lung tissues of mice infected with influenza virus, compared with that of the controls (Log2FC = 3.06, adj. p value = 0.0005). Meanwhile, the expression level of LCN2 in peripheral blood samples of mice infected with influenza virus was also upregulated (Log2FC = 2.75, adj. p value = 0.0003) (Figure 2E).



Lipocalin 2 Expression Level in Peripheral Blood Positively Correlated With Disease Severity of Influenza Patients

We further investigated expression characteristics of LCN2 in patients. Ninety-four acute stage samples and 44 paired convalescent samples in GSE111368 dataset were involved in the analysis. The acute stage samples collected from 39 mild patients, 28 moderate patients, and 27 severe patients according to whether need supplemental oxygen and invasive mechanical ventilation. Compared with healthy controls, influenza-infected patients showed significantly higher level of LCN2 in peripheral blood leukocytes (Figure 3A). Furthermore, the expression level of LCN2 positively correlated with disease severity (Figure 3B). Paired samples revealed that the expression level of LCN2 declined at convalescent stage (Figure 3C). Expression of LCN2 was not influenced by age (Figure 3D) and gender (Figure 3E).
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FIGURE 3. Correlation between LCN2 and clinical features of IAV infection in public dataset. (A) Expression level of LCN2 in healthy controls and patients with IAV infection (GSE111368). (B) Expression level of LCN2 in patients with mild, moderate, and severe influenza. (C) Expression level of LCN2 in acute and convalescent patients with IAV infection. (D) Association of patients’ age with expression level of LCN2. (E) Expression level of LCN2 in female and male patients with IAV infection.


To further clarify the expression level of LCN2 and its correlation with disease severity, we enrolled 43 patients with influenza infection, including eight mild patients, 19 moderate patients, and 16 severe patients. The protein level of LCN2 in plasma samples in acute phase was detected using ELISA. We found that the concentration levels of LCN2 in influenza patients were significantly higher than that in healthy controls (Figure 4A). Consistent with the above analysis, patients with severe illness had significantly higher LCN2 levels than those with mild or mild-moderate disease (Figures 4B,C). Patients with ARDS exhibited higher levels of LCN2 than those without (Figure 4D). Collectively, these findings suggested that plasma levels of LCN2 were positively correlated with severity of IAV infection and may be a clinically relevant biomarker for predicting severity of patients with IAV infection.
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FIGURE 4. The association between LCN2 and disease severity in clinical patients with IAV infection. (A) Serum LCN2 levels in healthy controls and patients with IAV infection. (B,C) Serum LCN2 levels in patients with mild, moderate, and severe influenza. (D) Serum LCN2 levels in ARDS and non-ARDS patients with IAV infection.




Lipocalin 2 Was Involved in Functions of Neutrophils in Influenza Patients

Because LCN2 was upregulated after influenza infection and correlated with disease severity, we further explored the possible function of LCN2. The influenza patients were equally divided into high-LCN2 group and low-LCN2 group on the basis of the median expression level of LCN2 in GSE111368. A total of 91 DEGs from the influenza patients with high LCN2 were identified by comparing with low LCN2. This total included 62 upregulated genes and 29 downregulated genes, which were indicated in the volcano plot shown in Figure 5A. The top 50 upregulated genes of DEGs were represented as a heatmap (Figure 5B). GO and KEEG pathway enrichment analysis of DEGs in LCN2-high samples identified an enrichment of genes in pathways related to neutrophils inflammation (neutrophil degranulation and neutrophil activation involved in immune response and antimicrobial humoral response) and NET formation (Figure 5C). Using GSEA analysis, we also found that LCN2 was associated with NET formation in influenza (Figure 5D).
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FIGURE 5. Functional analysis of LCN2 in patients with IAV. (A) DEGs between patients with low LCN2 and high LCN2 with IAV infection (GSE111368). (B) Heatmap of DEGs between patients with low LCN2 and high LCN2 with IAV infection. (C) GO terms and KEGG pathway enrichment analysis of DEGs between patients with low LCN2 and high LCN2 with IAV infection. (D) GSEA in groups with patients with high LCN2.




Similar Expression Pattern of Lipocalin 2 Was Found in Patients With COVID-19 and Mice

COVID-19 has some similarities in the course of disease development as influenza. The dataset GSE184657 showed the expression level of LCN2 in the lung tissues of mice infected with SARS-CoV-2 was significantly higher (Log2FC = 2.93, p = 0.0414) than that of the control at 6dpi (Supplementary Figure 5). Compared with patients in general wards, patients with COVID-19 at ICU showed higher level of LCN2 (Figure 6A). Similarly, the expression level of LCN2 was higher in patients who needed mechanical ventilation than those without (Figure 6B). APACHE II and SOFA scores, used to stratify the severity of illness, showed a positive correlation with the expression level of LCN2 in in leukocytes from whole blood (Figures 6C,D). Similarly, we found that LCN2 was involved in functions of neutrophils in patients with COVID-19, including neutrophil degranulation, neutrophil activation involved in immune response, and NET formation (Figures 6E–G).
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FIGURE 6. The role of LCN2 in patients with COVID-19. (A) Expression level of LCN2 in ICU and non-ICU patients with COVID-19 (GSE157103). (B) Expression level of LCN2 in patients with COVID-19 with mechanical ventilation and without mechanical ventilation support. (C,D) Correlation analysis between LCN2 and SOFA, APACHE II in patients with COVID-19. (E) DEGs between patients with low LCN2 and high LCN2 with COVID-19. (F) Heatmap of DEGs between patients with low LCN2 and high LCN2 with COVID-19. (G) GO terms and KEGG pathway enrichment analysis of DEGs between patients with low LCN2 and high LCN2 with COVID-19.





DISCUSSION

Increasing evidence indicates that excessive immune response leads to immune-mediated damage and affects disease process and prognosis (Guo et al., 2021; Karki et al., 2021; Rappe et al., 2021). This emphasizes the importance of host factors in predicting clinical progression and prognosis in patients with viral infectious diseases. In this study, we found that a neutrophil-associated host factor LCN2 was significantly elevated and associated with severity in both influenza and patients with COVID-19 by integrated public data analysis. The increase of serum LCN2 level in clinical influenza patients was verified by ELISA and positively correlated with disease severity of influenza patients. Further bioinformatics functional analysis showed LCN2 might influence disease development by affecting neutrophil degranulation, neutrophil activation, and NET formation.

In acute respiratory virus–infected patients, hyper-inflammatory responses involving the release of pro-inflammatory cytokines (e.g., IL-1, IL-6, IL-8, and TNF) impair the function of lung and lead to severe complications (Andreakos et al., 2021). However, it is unclear which types of cells are responsible for the release of large number of cytokines in critical patients. Previous research has shown that inflammation-related factors (IL-1, TNF, CXCL1, CXCL2, S100A8, and S100A9) predominantly express in neutrophils, and neutrophils infiltration largely account for lethal influenza infection (Brandes et al., 2013). In this study, we found that immune response pattern transformed from early antiviral response into inflammatory response gradually with the elimination of influenza virus in the lung tissue. In addition, the inflammatory response was mainly mediated by neutrophils and mononuclear macrophages. These results are consistent with previous report (Zhang et al., 2020a) and suggest that neutrophils may play an important role in the development of severe disease in patients infected with IAV.

Lipocalin 2, also known as neutrophil gelatinase-associated lipocalin, or 24p3, is a secretory glycoprotein involved in various inflammatory processes (Kjeldsen et al., 2000), which is found in various cells, such as neutrophils, macrophages, epithelial cells, and adipocytes. Given that LCN2 is readily detected in plasma, urine, central nervous system, and various body fluids, it has been found to be associated with a variety of diseases (Moschen et al., 2017). In patients with adult-onset Still’s disease (AOSD), neutrophil-derived LCN2 is higher than healthy control in plasma and liver tissue, and it could serve as a potent biomarker for identifying liver damage caused by hyper-inflammatory state of AOSD (Jia et al., 2021). LCN2 is also upregulated in serum and liver tissue of patients with non-alcoholic fatty liver (NAFL), and serum LCN2 levels could be a novel biomarker for the diagnosis of non-alcoholic steatohepatitis (NASH), which may be participate in the transition from NAFL to NASH by mediating inflammation. Besides, LCN2 has been demonstrated as a biomarker for inflammatory bowel disease (Thorsvik et al., 2017), vascular dementia (Llorens et al., 2020), neuropsychiatric lupus (Mike et al., 2019), and subarachnoid hemorrhage outcome (Yu et al., 2021). The level of LCN2 could predict disease severity and survival in acute kidney injury (Bennett et al., 2008; Kümpers et al., 2010).

Research studies have revealed that LCN2 is also involved in infectious diseases. LCN2 attenuates bacterial growth by binding and sequestering the iron-scavenging siderophores to prevent bacterial iron acquisition (Goetz et al., 2002). LCN2 from both neutrophils and local epithelium can combat Klebsiella pneumoniae lung infection in mice (Cramer et al., 2017). Genetic deletion of LCN2 gene in neutrophils reduces the bactericidal effect of NETs (Li et al., 2018). However, Warszawska et al. (2013) report that LCN2 deactivates macrophages through an IL-10/STAT3-dependent mechanism and worsens pneumococcal pneumonia outcomes, which may be due to differences cell subset and bacterial strain. Besides, LCN2 can be as a biomarker of systemic inflammation in infants hospitalized with respiratory syncytial virus (RSV) infection (Sawatzky et al., 2019) and as a biomarker of inflammation, monocyte activation, and cardiac stretch during activation of the renin-angiotensin-aldosterone system in human immunodeficiency virus (Bogorodskaya et al., 2019). In this study, we found that neutrophil is one of the main drivers of inflammatory response after virus infection. As an important functional gene of neutrophil, LCN2 was upregulated in both plasma and lung tissue after IAV and SARS-CoV-2 infection. Plasma LCN2 level was positively associated with disease severity. Therefore, neutrophil-related LCN2 might serve as a potential biomarker for predicting disease severity in both patients with influenza and COVID-19. Meanwhile, we also found that the difference between mild and severe clinical patients had not multiplied obviously compared with the difference in mice. This difference may be caused by time point of clinical infection patients, and patients come to the hospital only when the apparent symptoms appear, as neutrophils are generated enriched at early infection and LCN2 is mainly expressed in neutrophils.

Lipocalin 2 is involved in various biological processes, including immune inflammatory response and iron homeostasis (Xiao et al., 2017). LCN2 acts as a scavenger of bacterial siderophores and has antibacterial activity against siderophores dependent bacteria (Saiga et al., 2008). In addition, LCN2 can also interact with LCN2 receptor 24p3R of neutrophils to activate ERK pathway and regulate neutrophil migration and adhesion (Schroll et al., 2012). In the study, functional analysis demonstrated that LCN2 was associated with NET formation, which may reveal that LCN2 influences the development of disease through NETs. NETs, composed of a scaffold of DNA with histones and cytotoxic neutrophil-derived proteins, are released by neutrophils to contain invading microbes during infection and inflammation (Brinkmann et al., 2004). NETs were originally thought to eliminate bacteria but, now, are proved to protect against many viral pathogens, including influenza virus, RSV, and dengue virus (Schönrich and Raftery, 2016). NETs capture viral particles through the NETs structure and eliminate the virus through high concentration MPO and defensin or prevent the spread of the virus (Brinkmann and Zychlinsky, 2007). Therefore, the appropriate level of LCN2 possesses a protective role in mild virus infection (Watzenboeck et al., 2021). Nevertheless, NETs not only can eliminate invading pathogens but can also harm the host as well. The high level of NETs is able to kill epithelial and endothelial cells (Saffarzadeh et al., 2012). The level of NETs is higher in severe than that in mild influenza patients and is significantly associated with APACHE II score, multiple organ dysfunction syndrome (MODS), and patient survival rate of clinical influenza patients (Zhu et al., 2018). The high level of NETs is also closely associated with thrombosis in patients with COVID-19 (Middleton et al., 2020). At present, the role and exact molecular mechanism of LCN2 are still unclear and need to be further explored in severe viral infection.

There are limitations in this study. In the validation of clinical samples, we only detected the expression level of LCN2 in the plasma of patients, whereas the expression level of LCN2 in the alveolar lavage fluid of patients is unclear. In recent years, because there are fewer patients with influenza and COVID-19 in China, the sample size is small. In future studies, we will try to collect bronchoalveolar lavage fluid (BALF) from patients as much as possible and increase the sample size of the study to improve the stability of the results.



CONCLUSION

In conclusion, we identify that a host factor LCN2 associated with neutrophils through comprehensive analysis of public database and data from clinical influenza patient samples could be used as potential biomarkers of predicting severity of patients with IAV and SARS-CoV-2 infection and provide a new direction for targeted treatment of host factor in respiratory virus infection. However, the specific mechanism of LCN2 is still unclear, which needs to be further verified by molecular biology experiments.
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Annually, the influenza virus causes 500,000 deaths worldwide. Influenza-associated mortality and morbidity is especially high among the elderly, children, and patients with chronic diseases. While there are antivirals available against influenza, such as neuraminidase inhibitors and adamantanes, there is growing resistance against these drugs. Thus, there is a need for novel antivirals for resistant influenza strains. Host-directed therapies are a potential strategy for influenza as host processes are conserved and are less prone mutations as compared to virus-directed therapies. A literature search was performed for papers that performed viral–host interaction screens and the Reactome pathway database was used for the bioinformatics analysis. A total of 15 studies were curated and 1717 common interactors were uncovered among all these studies. KEGG analysis, Enrichr analysis, STRING interaction analysis was performed on these interactors. Therefore, we have identified novel host pathways that can be targeted for host-directed therapy against influenza in our review.
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INTRODUCTION

Influenza viruses are negative-sense single-stranded RNA viruses from the Orthomyxoviridae family that cause respiratory diseases (MacLachlan and Dubovi, 2017). Of the 4 influenza virus types, A, B, C, and D, type A is the most prolific as it infects numerous hosts and is the main causative agent of the seasonal and pandemic influenza (Shen et al., 2015). Influenza viruses constantly evolve with antigenic shifts (reassortment of viral segments, resulting in dramatically different viruses) and drifts (small antigenic changes to increase immune evasion). Due to the viral adaptation and reassortment, highly virulent strains may appear and result in local epidemics or global pandemics, such as the 1918 H1N1 Spanish pandemic, 2005 H5N1 Bird flu, and the 2009 H1N1 Swine flu (Shen et al., 2015). Influenza’s genome, which is composed of eight segments of symmetrical helixes, encodes ten proteins. Those include the surface glycoproteins haemagglutinin (HA) and neuraminidase (NA), matrix protein (M1), matrix ion channel (M2), Nucleoprotein (NP), PA (polymerase acid subunit), polymerase basic subunit 1 (PB1), and polymerase basic subunit 2 (PB2), which form the RNA-dependent RNA polymerase complex, NS1 (non-structural protein 1) and NS2, non-structural protein 2 or nuclear export protein (NEP; Noda, 2012). Segments of some influenza A virus strains may encode a second or third polypeptide in alternative reading frames (McCauley et al., 2012). These functional proteins (Jagger et al., 2012), such as PB1-F2 and PA-X, are known to modulate the host response to the virus (Klemm et al., 2018). The influenza A virus can be further classified based on its HA and NA glycoproteins into different subtypes. There are 18 haemagglutinin and 11 neuraminidase subtypes known today (Tong et al., 2013). Only the H1, H2, H3, N1, and N2 subtypes have caused epidemics in humans (Bouvier and Palese, 2008).


Current Prophylaxis and Treatment of Influenza

Vaccination is available for influenza and is the main form of prevention against influenza. Vaccine efficacy is around 60% if matched to the current circulating strains of the virus, but effectiveness can be as low as 10–20% if there is a mismatch between the vaccine and current strains of the virus (Eisenstein, 2019). The current method of developing influenza vaccines is lengthy, with the Centre for Disease Control (CDC) characterizing around 2,000 influenza viruses. These viruses are monitored for drifts and shifts and compared to viruses included in the current influenza vaccine. This provides an indication of the vaccine’s ability to produce an immune response against current circulating strains of influenza (CDC, 2019). There are three main kinds of vaccines: egg-based vaccines, attenuated vaccines, and recombinant vaccines. However, due to the constantly evolving nature of influenza, there are problems associated with vaccine mismatches (Paules et al., 2018) and poor immunogenicity of vaccines in the elderly (DiazGranados et al., 2014). Moreover, there is a lack of a universal influenza vaccine covering all strains and subtypes of influenza (Krammer et al., 2018).

Hence, there is a need for antiviral therapy for breakthrough infections and for infection with influenza strains not covered by vaccines. M2 ion channel inhibitors (e.g., amantadine and rimantadine) and NA inhibitors (e.g., oseltamivir and zanamivir) are the original two drug classes approved for influenza treatment (Krammer et al., 2018). Resistant virus strains have emerged and have rendered M2 inhibitors ineffective for clinical use while there is also increasing NA inhibitor resistance, such as the H274Y mutation, found in the 2009 H1N1 strain which conferred oseltamivir resistance (Arias et al., 2009; Shen et al., 2015). Recently, baloxavir (cap-dependent endonuclease inhibitor) was approved by the FDA in 2018 and worked by interfering influenza’s ability to multiply via inhibition of viral transcription (Hayden et al., 2018). There are a limited number of compounds under development or in trials (Davidson, 2018). Hence, there is an increasing focus to research and developing host-directed therapies given there is a lower drug resistance potential (Lou et al., 2014). We hypothesized that by combining various influenza interactome studies, there might be novel insights into viral–host interactors and processes that could be targeted for antiviral therapy. In this study, we identified novel host interactors of influenza via literature and database search. We further analyzed the data set by bioinformatics. This resulted in the identification of core cellular processes and druggable targets that could be further studied. This provides an overall landscape of conserved host processes targeted by various influenza strains for future drug development and better understanding the influenza life cycle.




MATERIALS AND METHODS


Data Collection

In order to identify host interactions that are ubiquitous across the various influenza A strains, data was extracted from the Reactome database (Fabregat et al., 2018; Jassal et al., 2020) and Host Pathogen Interaction Database (HPIDB; Ammari et al., 2016) while a PubMed and Scopus search of primary literature that performed interaction studies. Papers were chosen if they had found specific interactions between a host protein and influenza proteins. Host interactions with viral complexes and novel accessory viral proteins, such as PA-X and PB1-F2, were excluded. This is because not all influenza A strains express these accessory proteins. A total of 15 papers were retrieved, and their methodology, as well as virus strain (s) studied, are listed Supplementary Table S1. Reactome is a free, online, curated, open-source pathway database contains the influenza infection pathway (REACT_6167.3), specifically NS1 Mediated Effects on Host Pathways (Homo sapiens). This pathway was last reviewed on 1 May 2007, thus does not contain any information from the studies utilized in this project. Despite its age, it was still included as a point of reference for subsequent analysis. (Fabregat et al., 2018; Jassal et al., 2020).

HPIDB was chosen as it contains a comprehensive set of host–virus interactions (Ammari et al., 2016). This includes experimentally derived HPI, predicted HPI via network analysis, and molecular interactions from other databases which include VirHostNet1 and UniProtKB (Consortium, 2012).2 Currently, in its third version, it has 69,787 unique protein interactions between 66 host and 668 pathogen species. In this project, all ten characterized influenza protein interactions (HA, NA, PA, PB1, PB2, NP, M1, M2, NS1, and NS2) from various influenza A strains with human proteins were extracted from the various studies and databases, compiled, and matched to reveal which are key interactors of influenza. The compiled data can be found in Supplementary Table S1.



Data Set Analysis

Using the filtered gene data set, we performed the following analysis. Enrichr (Chen et al., 2013; Kuleshov et al., 2016) was used for gene set enrichment analysis. Kyoto Encyclopedia of Genes and Genomes (KEGG)3 pathwayanalysis was conducted to identify genes at the biologically functional level (Kummer et al., 2014). For all enrichment analysis, a value of p cutoff of 0.05 was used as significant. Figure 1 shows the analysis workflow for the bioinformatics analysis.
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FIGURE 1. Bioinformatics analysis of influenza and host interactors. HPIDB: Human Pathogen Interactions Database. Host interactors of influenza were separated into known and newly determined interactions. PubMed search of Viral–host interactome studies (IP-MS, Y2H, computer homology) was conducted. Papers were filtered if they were in English and full data set was available for analysis. Compiled data set of interactors was analyzed using STRING, Gene set enrichment analysis, and KEGG pathway.





RESULTS AND DISCUSSION


Meta-Analysis of Influenza–Host Interactions

In order to better understand the landscape of influenza–host interactions, we performed an analysis of influenza host interactors. We compiled virus–host protein–protein interaction data from HPIDB, Reactome, and published interactome studies. The published studies and their methodology are described in Supplementary Table S1. This data set covered various strains of influenza A, such as H3N2, H1N1, and H7N9. This data set contained protein interactions from different experimental methods—Affinity purification-mass spectrometry (AP-MS), Yeast 2 hybrid (Y2H), RNA immunoprecipitation, and bioinformatics prediction of interactions. Given that single interactome studies may result in false positives, a host interactor was considered to be true if it appeared in at least 3 different studies and databases. Altogether, our review uncovered 1,717 host interactions among the ten viral proteins. Both KEGG and Enrichr functional analysis were performed for the interactors of each viral protein. Details of the specific host–viral interactions can be found from Supplementary Table S2.



HA Interactors Are Mainly Involved in Protein Processing

HA is a trimer of identical subunits, each containing two polypeptides that result from proteolytic cleavage of a singular precursor (Skehel and Wiley, 2000). This cleavage is essential to activate membrane fusion potential and hence infectivity (Garten and Klenk, 1999; Steinhauer, 1999). A newly synthesized 70 kDa HA is cleaved into HA1 and HA2, which are linked by disulfide bonds. HA1 contains the sialic acid binding site. After binding, the virus is internalized into endosomes. Endosomal acidification triggers a marked and irreversible change in HA, which results in the dissociation of HA1 from the endosomal membrane and HA1 moving away from HA2. There is a loop-to-helix transition in HA2 which enables the fusion peptide at the N-terminus of HA2 to attach to the endosomal membrane. This promotes the fusion of the viral and endosomal membranes and this results in the vRNP release into the cytoplasm (Das et al., 2010).

HA binding to sialic acid receptor determines the species-specific infectivity of the influenza virus (Rogers and Paulson, 1983). Avian and equine viruses prefer α-2,3-galactose-linked sialic acid, human viruses prefer α-2,6-linked sialic acid and swine viruses appear to bind to both linkages of sialic acid (Rogers and D’Souza, 1989; Gambaryan et al., 1997; Ito et al., 1998).

Based on our meta-analysis, 36 common host interactors were found across the various studies. The top KEGG pathway identified for HA interactors was the proteasomal pathway (i.e., PSMD6 and PSMD7), protein processing in endoplasmic reticulum (i.e., RPN1, CALR, and PDIA6), and adherens junction (i.e., ACTN1 and ACTN4; Figure 2A; Supplementary Figure S1A). The functional analysis of the interactors revealed that they were mainly involved in the immune pathway (i.e., PSMD6, PSMD7, ACTN4, ARF1, and ANXA2), protein processing (i.e., PSMD6, PSMD7, CALR), and post-translational modification (i.e., PSMD6, PSMD7, CALU, and PDIA6; Figure 2B; Supplementary Figure S1B). Given that HA is being transcribed and translated in the infected cell during the viral life cycle, this would point to the importance of the protein processing being key in influenza replication. Any drug targeting this process would affect the formation of new virions. This is supported by a previous study which showed HA being synthesized by ER-bound biosynthetic machinery and interacting with ER chaperone proteins calnexin and calreticulin (Hebert et al., 1997). Any drug targeting this process would affect the formation of new virions. Moreover, HA requires glycosylation for binding to sialic receptors (de Vries et al., 2010), while palmitoylation of HA is essential for the virus to form infectious virions (Chen et al., 2005). Therefore, this presents a key druggable target for a new therapy to target or prevent influenza infection. DAS181 has already been developed as a sialidase fusion protein to prevent the binding of haemagglutinin to sialic acid receptors. It has reached late-stage clinical trials (Koszalka et al., 2017).
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FIGURE 2. Summary of the main processes found to be represented for each viral protein. (A) Enriched KEGG pathway for interactors of each viral protein (B) GO analysis of interactors of each viral protein. Proteins were analyzed using Enrichr BP, MF, and CC represent Biological Process, Molecular Function, and Cellular Component groups of gene ontology (GO).


An interesting observation was that immune-related processes were highly enriched from the gene set analysis. A previous study had reported that HA subunit 1 drove the IFN receptor chain IFNAR1 degradation, thus suppressing IFN-triggered JAK/STAT. The reduced JAK/STAT activation would lead to lower type I interferon production, resulting in decreased immune response and thereby increasing viral replication (Xia et al., 2016). This would confirm that HA is involved in regulating the host immune response as part of the influenza life cycle.



NA Interactors Are Involved in Vesicle Transport

NA is a mushroom-shaped protein and is found as a tetramer of identical subunits, with the mushroom head suspended from the viral membrane on a thin, long stalk. Each subunit that forms the mushroom head is made up of a six-bladed propeller-like structure (Varghese et al., 1983).

During viral replication, NA removes sialic acid from cellular glycoproteins and glycolipids, as well as from both viral glycoproteins. This prevents newly assembled viruses from rebinding to the infected cell surface and with self-aggregate through HA-sialic acid interactions. New virions are then released from the cell to infect new cells and further the infection spread (Gamblin and Skehel, 2010). It is also thought that NA aids viral infectivity by breaking down the mucins in the respiratory tract secretions to allow the penetration of the virus to the respiratory epithelium and may play a role in viral entry into respiratory epithelial cells (Matrosovich et al., 2004).

A total of 36 NA interactors were found across the various studies. These proteins are involved in fatty acid metabolism (i.e., TECR and HACD3); focal adhesion tight and adherens junction (i.e., ACTN1 and ACTN4), and cell cycle (i.e., MCM7 and PRKDC) via KEGG analysis (Figure 2A; Supplementary Figure S2A). Functional analysis of NA interactors found that the most highly enriched processes were intra-Golgi vesicle transport and vesicle transport (i.e., COPB2, COPA, and COPG1; Figure 2B; Supplementary Figure S2B). Given that acetylation of α-tubulin occurs as part of the viral release (Husain and Harrod, 2011), this would suggest that NA is involved in this mechanism.



NP, PB1, PB2, PA Interactors Are Involved in Spliceosome Activity

NP is a structural protein with no enzymatic activity but is the most abundant viral protein in infected cells (Hu et al., 2017). It is an important part of the vRNP complex and its functions include RNA packing (Eisfeld et al., 2015), nuclear trafficking (Amorim et al., 2013; Chutiwitoonchai and Aida, 2016), and vRNA transcription and replication (Eisfeld et al., 2015). A NP monomer has a molecular weight of 56 kDa that is able to bind to 24 bases of RNA (Hu et al., 2017). It is crescent-shaped with head, body, RNA binding, and tail domains (Cianci et al., 2013). The residues in the basic loop (residues 73–91) were found to be required for RNA binding (Ng et al., 2008). NP oligomerization occurs via a flexible tail-loop (residues 402–428) that can insert into the body domain of a neighboring NP monomer (Ye et al., 2006). This tail insertion is facilitated by R419 and E339 which forms a critical salt bridge for stabilization (Cianci et al., 2013). NP also directly interacts with PB1 and PB2 subunits of the viral polymerase (Biswas et al., 1998; Fodor, 2013; Eisfeld et al., 2015; Davis et al., 2017). The C-terminus of NP (aa 340 to 498) contains a PB2 binding site and a sequence that regulates the NP-PB2 interaction. In addition to its role in the vRNP, NP has been found to induce apoptosis in host cells (Tripathi et al., 2013; Nailwal et al., 2015) and inhibit PKR activation via Hsp40 (Sharma et al., 2011).

The vRNP polymerase complex is a heterotrimer formed together by PB1 with PB2 and PA in the viral polymerase (Eisfeld et al., 2015). PB1 itself has the polymerase activity and is enclosed by the PA linker on one side (Ma et al., 2017) and the N-terminal domain of PB2 at the other side (Stevaert and Naesens, 2016). PA contains the endonuclease domain while PB2 has the cap-binding domain (te Velthuis and Fodor, 2016). The LLFL motif in PB1 N-terminus (residue 7–10) interacts with the PA C-terminus hydrophobic core (F411, M595, L666, W706, F710, V636, and L640; Massari et al., 2016). Based on a crystal structure, the C-terminus of PB1 (residues 678–757) was found to complex with the N-terminus of PB2 (residues 1–37; Sugiyama et al., 2009).

Among the three subunits of the vRNP polymerase complex, PB1 had the least interactome studies and the least number of interactors. The most identified interactor for PB1 was PP6R3. Among all the studies, PA had 316 interactors while NP had 51 interactors and PB2 had 45 interactors. The interactors of NP, PB2, and PA are mostly involved in spliceosome based on the KEGG pathway (Figure 2A; Supplementary Figures S3A–C). The common process for all the interactors of NP, PB2, and PB1 is the transportation of proteins into the nucleus (i.e., NCBP1, SRSF1, PHAX, U2AF1, SRRM1, BAG3, UBR5, and IPO5; Figure 2B; Supplementary Figures S3D–G). This is expected as the vRNP is required to enter the nucleus for viral replication. In addition, spliceosome pathway is a common process for the interactors of all the vRNP components (i.e., SF3B4, DDX5, SF3B2, SF3B3, SF3B6, SRSF1, U2AF1, CHERP, TRA2B, DHX15, SRSF3, SRSF6, SRSF7, SF3B1, RBMX, DDX5, FXR2, NCBP1, PCBP1, and SNRPA). These interactors are also involved in general RNA processing (Supplementary Figures S3D–G). This may explain the spliceosome being identified with these host interactors, since the spliceosome is part of the RNA processing pathway (Licatalosi and Darnell, 2010; Wilkinson et al., 2020). This is a unique observation as NS1 has traditionally been the viral protein associated with spliceosome inhibition due to its binding to CPSF4 (Twu et al., 2006; Ramos et al., 2013). It was previously reported that the vRNP complex is required to stabilize the NS1-CPSF30 complex, specifically NP and PA (Kuo and Krug, 2009). However, the role of the viral polymerase complex alone in spliceosome regulation has yet to be studied.

The proteasome pathway was a specific pathway identified for PA interactors (i.e., PSMD6, PSMD7, PSMD4, PSMD2, PSMD3, and PSMD1). This would correlate to other studies which has found that treatment with proteasome inhibitors resulted in an antiviral state in cells (Dudek et al., 2010; Haasbach et al., 2011). It was also reported that treatment with the clinical approved proteasomal inhibitor PS-341 resulted in degradation of IκB and the activation of NF-κB and JNK/AP-1 pathway (Dudek et al., 2010). Hence, this suggests that the proteasomal pathway may be present a novel method of targeting influenza.

An interesting finding was that Annexin A2 (ANXA2) was identified as an interactor of PA across 3 papers (Bradel-Tretheway et al., 2011; Watanabe et al., 2014; Heaton et al., 2016) and HPIDB. Previously, it was reported that ANXA2 binds to highly pathogenic H5N1 influenza NS1 to enhance viral replication. Moreover, ANXA2 is incorporated into IAV particles to enhance viral replication, via the conversion of plasminogen to plasmin (LeBouder et al., 2008).



M2 Interactors Are Involved in Fatty Acid Metabolism

The M gene encodes for both M1 and M2 proteins (Lamb et al., 1981). M1 protein consists of 252 amino acids, with 2 domains (N-terminal domain from amino acid 1 to 164 and the C-terminal domain from amino acid 165 to 252) linked by a protease-sensitive loop (Ito et al., 1991). It forms the matrix layer by oligomerizing directly below the lipid envelope and binds the viral ribonucleoproteins. It has the important function of stabilizing the whole envelope structure of a fully formed virion (Harris et al., 2001; Calder et al., 2010; Schaap et al., 2012; Adachi et al., 2017). M1 contacts with both viral RNA and NP, promoting the vRNP complex formation and cause the RNP dissociation from the nuclear matrix (Wakefield and Brownlee, 1989; Elster et al., 1994, 1997; Nasser et al., 1996; Chaimayo et al., 2017). M1 plays an important role in assembly by recruiting viral components to the assembly and an essential role in budding, such as viral particle formation (Gómez-Puertas et al., 2000; Latham and Galarza, 2001). M1 had the least interactome studies and only three common interactors were found: EZRI, HSP7C, and STAU1. Based on these three interactors, the interactors were found to be positive regulators of virus replication (Figure 2; Supplementary Figures S4A,B).

The M2 protein comprises of 97 amino acids with three domains: extracellular (24 amino acids), transmembrane domain (19 amino acids), and cytoplasmic domain (54 amino acids). It is a membrane protein which is inserted into the viral envelope and projects from the surface of the virus as tetramers (Lamb et al., 1985; Holsinger and Alams, 1991). The M2 protein is a proton channel and is required in the acidification of the viral particle upon endocytosis (Lamb et al., 1985) and prior to membrane fusion to enable the release of vRNPs into the cytosol (Helenius, 1992). It is also required to prevent the Golgi lumen pH from becoming too acidic so that the nascent HA do not undergo premature conformational arrangement while being transported to the plasma membrane (Sugrue and Hay, 1991).

Eighty-nine host proteins were found to interact with M2 across the various interactome studies. The most common interactors were 4F2, AFG32, ECHB, SPTC1, and TMX3. KEGG analysis revealed that these proteins were mainly involved in fatty acid metabolism (i.e., TECR and HACD3) and DNA replication (i.e., RFC3 and MCM7; Figure 2A; Supplementary Figure S4C). Functional enrichment analysis showed that these proteins were involved in vesicle transport (i.e., COPB2, COPA, ZW10, GBF1, and COPG1; Figure 2B; Supplementary Figure S4D). Given that ubiquitination of M2 is required for viral packaging and release (Su et al., 2018), this would confirm the importance of the vesicle pathway for influenza via M2.

An interesting observation was the involvement of M2 interactors in fatty acid metabolism. Fatty acid oxidation was found to be reduced in influenza-infected mice (Ohno et al., 2020), while supplying palmitic acid increased influenza replication (Limsuwat et al., 2020). Influenza replication could be reduced by a fatty acid import inhibitor (Limsuwat et al., 2020). Hence, this would suggest that M2 may be involved in the fatty acid metabolism dysregulation caused by influenza infection. In addition, a recent study reported that M2 clustering which enables membrane scission is mediated by cholesterol (Elkins et al., 2017). Given that cholesterol is involved in viral membrane fusion, viral genome release, and viral budding, this may explain the efficacy of cholesterol-lowering drugs, gemfibrozil, and lovastatin in reducing the stability and infectivity of progeny virus (Bajimaya et al., 2017). It was also demonstrated that overexpression of Annexin A6 as well as the addition of U18666A, a hydrophobic polyamine, was able to reduce cholesterol levels in the plasma membrane and inhibit viral replication (Musiol et al., 2013).



NS1 Interacting Partners Are Involved in Spliceosome and Autophagy

NS1 is not part of the virion structural component, but it is expressed at high levels in infected cells (Hale et al., 2008). It is composed of 231–237 amino acids, depending on the strain, and has a molecular mass of around 26 kDa (Hale et al., 2008). It has two distinct functional domains: an N-terminal RNA binding domain (amino acids 1–73) and a C-terminal effector domain (amino acids 86-231/237), which mediates binding with host cell proteins (Wang et al., 2002; Kochs et al., 2007; Hale et al., 2008; Das et al., 2010). NS1 was reported to have multiple functions that contribute to viral replication and virulence (Kochs et al., 2007; Hale et al., 2008; Fournier et al., 2014). These include: (i) temporarily regulating viral RNA synthesis (Hale et al., 2008; Ayllon and García-Sastre, 2015); (ii) viral mRNA splicing control (Hale et al., 2008, Ayllon and García-Sastre, 2015); (iii) enhancing viral mRNA translation via PKR inhibition (Li et al., 2006); (iv) regulating the creation of the virus particle structure (Hale et al., 2008; Pereira et al., 2017); (v) suppressing the host immune or apoptotic responses (Ehrhardt et al., 2007; Kochs et al., 2007; Iwai et al., 2010; Jia et al., 2010; Mata et al., 2011; Gao et al., 2012; Anastasina et al., 2016); (vi) activating phosphoinositide 3-kinase (Ehrhardt et al., 2007; Gaur et al., 2011; Ayllon and García-Sastre, 2015); and (vii) involvement in strain-dependent pathogenesis (Hale et al., 2008). NS1 exists as a homodimer. The RNA binding domain binds to RNA and the binding is dependent on R38 and other charged residues, such as R35 and K41 (Lalime and Pekosz, 2014; Ayllon and García-Sastre, 2015). In addition, the effector domain of NS1 has been found to bind to CPSF30, which results in reduced IFN-β mRNA production. The key amino acid residue for the CPSF30 interaction is W187 (Engel, 2013). Moreover, multiple mutations in NS1 have been found to increase virulence (Ozawa et al., 2011; DeDiego et al., 2016) and viral pathogenicity (Ehrhardt et al., 2007; Engel, 2013; Nogales et al., 2017).

NS1 had the most interactome studies among all the viral proteins. A total of 252 interactors were found among the interactome studies. The most common interactor found was STAU1 found in nine studies, followed by PRKRA. Based on the KEGG pathway, these interactors are involved in spliceosome (i.e., SF3B2, SNW1, FUS, NCBP2, PCBP1, TRA2B, TRA2A, DHX15, SRSF3, SRSF6, SRSF7, and RBMX) and autophagy (i.e., IRS1, BAD, IRS4, RAF1, and TANK; Figure 2A; Supplementary Figure S5A). Enrichr analysis also revealed that these interacting partners are involved in mRNA splicing (i.e., DDX17, PRDX6, QKI, FXR1, PTBP1, FXR2, SNW1, SON, TRA2B, TRA2A, SRSF3, SRSF6, SRSF7, and RBMX) and RNA processing (i.e., CPSF4, SF3B2, CHTOP, RBM14, CPSF1, FUS, NCBP2, CPSF2, PTBP1, SNW1, SON, PCBP1, TRA2B, TRA2A, DHX15, SRSF3, RALY, SRSF6, SRSF7, and RBMX; Figure 2B; Supplementary Figure S5B). NS1 is a well-known interactor of the spliceosome pathway, given its interactions with CPSF4 and NS1-BP (Wolff et al., 1998; Thompson et al., 2018; Zhang et al., 2018). It has been previously reported that NS1 interacts with hnRNP-F to modulate host mRNA processing (Lee et al., 2010). In addition, NS1 is required for unspliced M1 nuclear export (Pereira et al., 2017). NS1 is also a well-known inducer of autophagy (Zhirnov and Klenk, 2013; Zhang et al., 2019). It was previously reported that NS1 induced autophagy via its interaction with JNK (Zhang et al., 2019).



NS2 Interactors Are Mainly Involved in Focal Adhesion and ECM–Receptor Interaction

NEP or non-structural protein 2 (NS2) is a structural protein and is associated with M1 (Yasuda et al., 1993). NEP mediates vRNP nuclear export into the cytoplasm via an export signal (O’Neill et al., 1998) through XPO1 interaction (Neumann et al., 2000). NEP has also been found to interact with nucleoporins and is suggested to act as an adaptor between vRNPs and the nuclear pore complex (O’Neill et al., 1998). It has been proposed that NEP is involved in the transcription and replication of the influenza virus (Robb et al., 2009).

Forty host proteins were found to be NS2 interactors across the different studies. These proteins are involved in focal adhesion and ECM–receptor interaction (i.e., LAMC3, ZYX, and LAMB1), and ubiquitin-mediated proteolysis (i.e., PIAS3 and SKP1) via KEGG analysis (Figure 2A; Supplementary Figure S6A). Functional enrichment analysis showed that these proteins are involved in microtubule reorganization (i.e., DCTN2, CENPH, and ZWINT) and ER-Golgi transport (i.e., COG8 and COG6; Figure 2; Supplementary Figure S6B).



Influenza Interacting Partners Are Involved in the Spliceosome, Focal Adhesions, and Protein Processing in the ER

A global analysis of the protein interactors revealed that most of these interactors are involved in the spliceosome, followed by focal adhesion and protein processing in the ER via KEGG analysis. Given the large proportion of NS1 interactome studies, this may have resulted in spliceosome being the top process. However, it was interesting to note that focal adhesion and protein processing in the ER was one of the top processes revealed for influenza interactors.

A previous study revealed that actin reorganization is required for influenza assembly and budding via cofilin-1 phosphorylation (Liu et al., 2014). Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase (non-PTK) and part of focal adhesions that tether actin cytoskeleton to the extracellular matrix. It was previously shown that FAK is involved in phosphatidylinositol-3-kinase (PI3K) activation and reorganization of cytoskeleton for endosomal trafficking during IAV entry (Elbahesh et al., 2014). In addition, FAK was found to positively regulate IAV replication and polymerase activity of different IAV strains (Elbahesh et al., 2016). FAK-dependent regulation of innate immune responses was observed during severe IAV infection in mice (Bergmann and Elbahesh, 2019). Given that HA, NA, and NS2 have interactors involved in focal adhesions or ECM, this may be a potential target for novel influenza therapy.

In addition, a novel finding was the involvement of these interactors in protein processing in the ER. Figure 3 describes the interaction of the influenza proteins and host proteins involved in ER protein processing. It was previously reported that influenza modulates vesicle trafficking via disruption of the Golgi complex (Yadav et al., 2016). In addition, brefeldin A, an ER to Golgi transport inhibitor, was found to affect the intracellular distribution of HA (Russ et al., 1991; Ciampor et al., 1997) and induce apoptosis in influenza-infected cells (Saito et al., 1996). Monensin, a Golgi complex disruptor, was found to reduce viral budding and HA localization to the cell membrane (Edwardson, 1984).

[image: Figure 3]

FIGURE 3. A network analysis of influenza proteins and host proteins involved in ER protein processing. Proteins classified as belonging to the ER protein processing pathway were analyzed by STRING database. The viral proteins are represented by orange triangles and host interactors are represented by green hexagons. Each interaction is represented by edges connecting the two nodes with the arrow reflecting a positive association between two proteins.


Given the role of influenza proteins, NS1, NP, PA, and PB1 in spliceosome activity, targeting this pathway may be a potential target for influenza. Cdc2-like kinase 1 (CLK1) is a kinase that regulates alternative splicing of pre-mRNA (Bullock et al., 2009). CLK1 inhibition by TG003 or CLK1 knockdown was shown to decrease M2 mRNA generation and downstream M2 protein expression, thus reducing IAV propagation (Karlas et al., 2010).

A total of 190 host proteins had more than 1 viral protein interaction. 4F2 was the most promiscuous host protein with 6 viral protein interactions. ADT3, ANXA2, PSD11, PSD12, PSD13, and TCPE had 5 viral protein interactions each. Given that these proteins have interactions with multiple viral proteins, this may indicate that these proteins are key for multiple aspects of viral replication and life cycle and, hence, should be further studied for novel host-directed therapy.




CONCLUSIONS AND FUTURE WORK

Identifying novel host interactors in influenza is key in understanding the viral life cycle as well as for the development of novel therapies against the virus. Our review of influenza interactors has comprehensively compiled influenza interactome studies together with host–virus interaction databases. While other studies have done interactome studies on influenza proteins, no study has done a comprehensive review on influenza interactors. Using interactome studies to derive our data set also enables a more direct virus–host interaction compared to RNAi studies and would include essential genes which may lead to cell death in RNAi studies, thus reducing false negatives (Watanabe et al., 2010). While Watanabe et al. (2010) and Tripathi et al. (2015) both did meta-analysis of RNAi studies, no other study has done a meta-analysis of interactome studies for influenza. Our study has revealed novel influenza interactors which can be potentially targeted for novel therapies against influenza. It also filters out possible false positives that may be derived from a single interactome study. Given that we used a benchmark of at least three separate studies to filter out true positive, this would reflect the sensitivity of our study to detect conserved host interactors of influenza. Moreover, given that our study included various strains of influenza A, this would increase the likelihood that these pathways are globally used by all influenza A strains for their life cycle. Hence, these pathways can be further studied as potential universal therapy against influenza.

Based on our bioinformatics analysis of influenza proteins, we observed that protein transport to the ER is one of the top biological processes exploited by influenza (Figure 2). This supports the previous study by Heaton et al. (2016), where they identified Sec61 knockdown was found to reduce influenza replication. This suggests that the protein transport to the ER is one of the key processes that influenza exploits for its life cycle. In addition, ER transport is a key process in the innate immunity. A member of the COPII complex, Sec13, was previously identified in a CRIPSR knockout screen to reduce influenza replication (Li et al., 2020). This would support the important role of ER processing for influenza. Hence, more studies into how it can be targeted for influenza treatment should be undertaken. Several pro-inflammatory cytokines, such as IL6 and IFN-β, are secreted (Murray and Stow, 2014) via the ER-Golgi pathway. Influenza’s control over this pathway would enable it to replicate without detection from immune cells and this would reflect the importance of the protein transport system. Moreover, influenza’s ability to overstimulate the immune response via cytokine storm has been shown to be correlated to virus virulence (Kido, 2015; Li et al., 2018; Short et al., 2018). This correlates with other RNAi studies performed in influenza which reflect the importance of the ER to Golgi transport pathway in viral replication (Tripathi et al., 2015). Given the importance of post-translational modification of influenza proteins in viral replication and host response, as discussed by Hu et al. (2020), this would be a potential target for influenza treatment, especially in the context of severe influenza. This finding can be extrapolated to other viruses as discussed in the review (Ravindran et al., 2016). Both enveloped and non-enveloped viruses were described to hijack the ER for replication. HIV utilizes the ER to synthesize its envelope glycoprotein (Checkley et al., 2011). Antiviral therapeutics that impair ER-resident glycan trimming enzymes α-glucosidases I and II have been shown inhibit viral infection by DNA and RNA viruses (Chang et al., 2013). Moreover, an inhibitor against HSP70, a cytosolic chaperone that controls ER-associated degradation, has been shown to inhibit flavivirus infection (Taguwa et al., 2015).

Future work would be to validate the targets identified in this review via in vitro and in vivo models. However, this review has reflected the key processes that can be potentially targeted for host-directed therapy against influenza. Given the key role these processes play in influenza as well as normal host cell maintenance, it would be important to find key differences between normal cellular maintenance and viral infection. This would enable specific targeting of influenza-driven pathways without killing the host. Another aspect that would need to be studied is how these processes contribute to severe influenza, which is still currently unknown. Therefore, a more detailed analysis of IAV–host interactions would provide clues for therapeutic targeting and molecular mechanisms of viral replication.
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Influenza A virus (IAV), one of the most prevalent respiratory diseases, causes pandemics around the world. The multifunctional non-structural protein 1 (NS1) of IAV is a viral antagonist that suppresses host antiviral response. However, the mechanism by which NS1 modulates the RNA interference (RNAi) pathway remains unclear. Here, we identified interactions between NS1 proteins of Influenza A/PR8/34 (H1N1; IAV-PR8) and Influenza A/WSN/1/33 (H1N1; IAV-WSN) and Dicer’s cofactor TAR-RNA binding protein (TRBP). We found that the N-terminal RNA binding domain (RBD) of NS1 and the first two domains of TRBP protein mediated this interaction. Furthermore, two amino acid residues (Arg at position 38 and Lys at position 41) in NS1 were essential for the interaction. We generated TRBP knockout cells and found that NS1 instead of NS1 mutants (two-point mutations within NS1, R38A/K41A) inhibited the process of microRNA (miRNA) maturation by binding with TRBP. PR8-infected cells showed masking of short hairpin RNA (shRNA)-mediated RNAi, which was not observed after mutant virus-containing NS1 mutation (R38A/K41A, termed PR8/3841) infection. Moreover, abundant viral small interfering RNAs (vsiRNAs) were detected in vitro and in vivo upon PR8/3841 infection. We identify, for the first time, the interaction between NS1 and TRBP that affects host RNAi machinery.

Keywords: influenza A virus, non-structural protein 1 of IAV, TRBP, antiviral RNAi response, RNA interference machinery


INTRODUCTION

Influenza A viruses (IAVs) are widespread pathogens causing severe respiratory disease around the world (Neumann et al., 2010; Su et al., 2015; Coughlan and Palese, 2018). Seasonal epidemics of influenza affect 5%–15% of the global population, and cause about 250,000 to 500,000 respiratory deaths annually, with influenza A causing considerable morbidity and mortality (Li et al., 2018; Yassine et al., 2018). IAVs are negative-stranded RNA viruses belonging to the Orthomyxoviridae family, which contain 8 segments encoding approximately 14 proteins (Krammer et al., 2018; Ampomah and Lim, 2020). Different subtypes of IAVs are classified according to two glycoproteins, haemagglutinin (HA) and neuraminidase (NA). The three polymerase proteins (PA, PB1, and PB2) form a viral ribonucleoprotein (vRNP) with the nucleoprotein (NP)-encapsidated RNA segment in the replication of IAVs.

Non-structural protein 1 (NS1) consists of 215 to 237 amino acids (aa) and consists of an N-terminal RNA binding domain (RBD; 1 to 73 aa) and a C-terminal effector domain (ED; 85 aa to end) and joined by a linker domain (LD; 74 to 84 aa; Hale et al., 2008; Krug, 2015). The RBD non-specifically binds double-stranded RNA (dsRNA) of different lengths and mediates several interactions (Chien et al., 2004; Hale et al., 2008). Highly expressed NS1 performs a range of activities to inhibit the host antiviral response by interacting with interferon (IFN)-induced proteins and antagonizing IFN production during infection (Krug et al., 2003; Krug, 2015). Two residues of NS1, arginine 38 (R38) and lysine 41 (K41), are the key functional sites for binding dsRNA and retinoic acid-inducible gene I (RIG-I) to inhibit signal transduction (Qian et al., 1994; Wang et al., 1999; Talon et al., 2000; Wang et al., 2000; Mibayashi et al., 2007). NS1 competes with 2′-5′-oligoadenylate synthetase (2′-5’-OAS) for interaction with dsRNA, thereby blocking cleavage by RNase L of viral and cellular mRNA (Ji-Young Min, 2006). The ED also mediates functional interactions with host proteins. The interaction between NS1 and ubiquitin ligase TRIM25 suppresses RIG-I signal transduction, which requires E96/E97 residues in the ED of NS1 (Gack et al., 2009). NS1 binds to protein kinase R (PKR) at residues 123–127, which in turn inhibits PKR-mediated eukaryotic translation initiation factor eIF2α phosphorylation (Li et al., 2006; Min et al., 2007; Schierhorn et al., 2017). Furthermore, the cellular cleavage and polyadenylation specific factor 30 (CPSF30) binds to the ED, in turn blocking the maturation of pre-mRNA (Nemeroff et al., 1998).

RNA interference (RNAi) has been recognized as an important gene silencing mechanism in mammals (Ding, 2010; Guo et al., 2019). In the processing of RNAi, the stem-loop structure of precursor microRNAs (pre-miRNAs) or viral double-stranded RNA replicative intermediates (dsRNA-vRIs) are cleaved into ~22 nucleotide (nt) miRNAs or viral small interfering RNAs (vsiRNAs) by Dicer, an enzyme belonging to the RNase III family (Bernstein et al., 2001; Hutvágner et al., 2001). Then, these small RNAs (sRNAs) are loaded into Argonaute-2 (AGO2) protein, an important component of RNA-induced silencing complex (RISC), leading to silencing or degradation of target sequences (Jinek and Doudna, 2009; Ding et al., 2018). As another essential member of RISC, TRBP serves as a cofactor of Dicer in the processing of miRNAs (Chendrimada et al., 2005; Haase et al., 2005; Takahashi et al., 2018). However, whether TRBP affects miRNA abundance or isoforms remains controversial (Chendrimada et al., 2005; Haase et al., 2005; Melo et al., 2009; Lee and Doudna, 2012; Kim et al., 2014). Numerous proteins, including adenosine deaminases acting on RNA-1 (ADAR1) and the protein activator of PKR (PACT), have also been reported to enhance the cleavage activity of Dicer (Lee et al., 2006; Ota et al., 2013; Heyam et al., 2015).

Many studies indicate that host miRNA expression levels are regulated to resist viral infections. In hepatocytes, hepatitis C virus (HCV)-induced IFN-β regulates the expression of cellular miRNAs including miR-196, miR-351, and miR-431, which target the RNA genome of HCV to inhibit viral replication (Pedersen et al., 2007). Increased expression of miR-296-5p directly targets VP1 and VP3 coding sequences of the genome to inhibit the Enterovirus 71 (EV71) replication in rhabdomyosarcoma (RD) and human neuroblastoma (SKN-SH) cells (Zheng et al., 2013). In addition, miR-32 targets viral nucleic acids, which restricts the expression of primate foamy virus type 1 (PFV-1) mRNA in 293 T cells (Lecellier et al., 2005). Many viruses in turn inhibit host miRNA maturation for viral replication. Flaviviruses, including dengue viruses (DENV), Kunjin virus (KUNV), and Japanese encephalitis virus (JEV), suppress miRNA production through non-coding subgenomic flavivirus RNAs (sfRNAs) that associate with Dicer and AGO2 in infected cells (Moon et al., 2015). Human cytomegalovirus (HCMV) encodes intergenic sequences that are complementary to miR-17, resulting in its degradation (Lee et al., 2013). In addition, Zika virus (ZIKV) capsid protein binds to Dicer to dampen miRNA production in neural stem cells (NSCs; Zeng et al., 2020).

On the other hand, there is growing evidence that siRNA-based antiviral immunity plays an important role in mammals (Li et al., 2013; Maillard et al., 2013; Li et al., 2016; Qiu et al., 2017; Han et al., 2020; Zeng et al., 2020). Recent studies including ours have shown several viruses, such as Nodamura virus (NoV), IAV, Sindbis virus (SINV), and ZIKV induce vsiRNA production in vitro or in vivo (Li et al., 2013; Li et al., 2016; Zhang et al., 2020; Zhang et al., 2021). To counter the defense mechanism, many viruses encode viral suppressors of RNAi (VSRs), including NoV B2, IAV NS1, Ebolavirus (EBOV) VP35, and human enterovirus 71 (HEV71) 3A (Fabozzi et al., 2011; Li et al., 2013; Li et al., 2016; Qiu et al., 2017). For instance, VP35 directly interacts with TRBP and PACT to suppress the effects of siRNAs (Fabozzi et al., 2011). 3A inhibits siRNAs production by sequestrating viral dsRNA (Qiu et al., 2017).

Similar to several viruses, IAV has also been recognized to functionally regulate cellular miRNA expression (Terrier et al., 2013; Tan et al., 2014; Jiao et al., 2019). Moreover, our previous study has shown that vsiRNAs are detected in mammalian cells only when infected with IAV lacking NS1, suggesting that NS1 blocks vsiRNA production (Li et al., 2016). Our emerging study also determines that NS1 encoded by influenza A/WSN/1/33 (WSN) interacts with AGO2, which induces nuclear import of AGO2 (Wang et al., 2020). In addition, multiple studies have observed that NS1 interacts with many host proteins including ADAR1 and PACT that participate in the RNAi process (de Chassey et al., 2013; Tawaratsumida et al., 2014).

Although IAV NS1 has been shown to inhibit the production of sRNAs, few studies have clarified the mechanism underlying suppression by NS1. Here, we show the interaction between PR8 NS1 and TRBP, which inhibits some miRNAs production. Further analysis reveals that R38 and K41 of NS1 are vital sites for this binding. Moreover, our findings provide the first evidence for the in vivo production canonical duplex vsiRNAs by mutant IAV virus. Our work explains the mechanism of NS1 in modulating RNA interference machinery from a new perspective.



MATERIALS AND METHODS


Cell Culture and Viruses

Human embryonic kidney cells (293 T) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma) containing 10% fetal bovine serum (FBS; Gibco) at 37°C with 5% CO2. Influenza A/Puerto Rico/8/34 (H1N1), designated PR8-wild type (WT), Influenza A/WSN/1/33 (H1N1), designated WSN-WT, and the mutant virus, designated PR8/3841, were gifts from Dr. A. García-Sastre.



Plasmids and Molecular Cloning

The sequences encoding NS1, N-NS1, C-NS1, and NS1 38/41 of PR8-WT and the sequences encoding NS1, NS1 38/41 of WSN-WT were generated by reverse transcription–polymerase chain reaction (RT-PCR) and cloned into pcDNA3.1 vector digested by EcoRI and HindIII (NEB) to generate pcDNA-NS1, pcDNA-N-NS1, pcDNA-C-NS1 and pcDNA-NS1 38/41. The open reading frame (ORF) of EGFP was cloned into the EcoRI and HindIII sites of the pcDNA3.1 vector to generate pcDNA-EGFP. The plasmids expressing EGFP, TRBP, T7, and different mutants of TRBP (TA, TB, and TC) were constructed into pCMV vectors with an N-terminal 3xFLAG epitope digested by HindIII and EcoRI to generate pCMV-3Flag-EGFP, pCMV-3Flag-TRBP, pCMV-3Flag-T7, pCMV-3Flag-TA, pCMV-3Flag-TB, and pCMV-3Flag-TC. The ORFs of EGFP and TRBP were cloned with C-terminal His tag into the SalI and XhoI sites of pDEST-myc-DICER (Addgene, Cat. #19873) to generate pDEST-His-EGFP and pDEST-His-TRBP. The sequence encoding TRBP was cloned into pGEX-4 T-1 digested by BamHI and SalI to generate GST-TRBP. The expression plasmid for human Dicer was purchased from Addgene (Cat. #41584). Human miRNA expression plasmid MIR-21 (pCMV-MIR-21) was purchased from OriGene (Cat. #SC400271). The designed short hairpin RNAs (shRNAs) targeting EGFP or luciferase were cloned into pLKO.5 vector (gift from Dr. Feng Qian) digested by AgeI and EcoRI to produce pLKO-sh-EGFP (shEGFP) and pLKO-sh-LUC (shLUC). The CRISPR/Cas9 plasmids were gifts from Dr. Yongming Wang (Xie et al., 2017). Two designed guide RNAs (gRNAs), gRNA1 and gRNA2, were ligated with tracrRNA-U6 sequence from gRNAU6 plasmid. Then, the fragment was constructed into an epiCRISPR vector that was digested by BspQI to generate epiCRISPR-TRBP. The primer sequences and gRNA sequences are shown in Supplementary Tables 1 and 2.



Cell Culture Infection and Transfection

293 T cells were seeded in a 6-cm plate at a density of 2 × 106/plate 1 day before infection. Approximately 24 h after inoculation with serum-free DMEM (mock), PR8-WT, or PR8/3841 at a multiplicity of infection (MOI) of 1 as previously described (Li et al., 2016), the infected cells were lysed in TRIzol (Invitrogen) for RNA and protein extraction using the manufacturer’s protocol.

To identify the interaction between NS1 and TRBP, 293 T cells (6 × 105 cells/well) were seeded into a 6-well plate 1 day before transfection. Plasmids expressing NS1 (2 μg) and FLAG-TRBP (2 μg) were co-transfected into 293 T cells using Lipofectamine 2000 (Life Technologies) for 48 h. 293 T cells were transfected with plasmids expressing FLAG-TRBP (2 μg) or FLAG-EGFP (2 μg) for 24 h and then inoculated with PR8-WT (MOI = 1) or WSN-WT (MOI = 1) or PR8/3841 (MOI = 1) in different wells for 24 h.

To determine the effect of the interaction on miRNA production, 293 T cells (6 × 105 cells/well) were seeded into a 6-well plate 1 day before transfection. Plasmids expressing FLAG-TRBP (2 μg) were transfected into TRBP-KO cells using Lipofectamine 2000 for 48 h or TRBP-KO cells were transfected with pCMV-MIR-21 (2 μg) and FLAG-TRBP (2 μg) or FLAG-EGFP (2 μg) for 24 h and then inoculated with DMEM (mock) or PR8-WT (MOI = 1) or PR8/3841 (MOI = 1) in different wells for 24 h.

For the EGFP RNAi assay, 293 T cells (4 × 105 cells/well) were seeded into a 12-well plate one day before transfection. pCMV-3Flag-EGFP (0.1 μg) and shEGFP (0.3 μg) or shLUC (0.3 μg) were co-transfected into cells using Lipofectamine 2000. Six hours post-transfection, the cells were infected with PR8-WT (MOI = 1) or PR8/3841 (MOI = 1). After 48 h post-transfection, cells were washed with PBS and lysed in TRIzol for RNA and protein extraction using the manufacturer’s protocol.



Co-immunoprecipitation and AGO-Immunoprecipitation

293 T cells transfected with Flag-tagged plasmids or infection with viruses were co-immunoprecipitated (co-IP) by anti-FLAG affinity resin (GenScript). Briefly, 293 T cells lysates in lysis buffer (20 mM Tris–HCl [pH 7.5], 150 mM NaCl, 0.5% NP-40, 5 mM MgCl2, 10% glycerol) mixed with a protease inhibitor (Roche) were incubated with 30 μl anti-FLAG affinity resin for 4 h at 4°C in the presence or absence of 10 μg/ml RNase A (Thermo Fisher Scientific) and 5 U/ml RNase III (NEB). After five times washes with 1 × wash buffer (IBA BioTAGnology), the precipitated complexes were used to detect specific proteins by Western blotting.

For AGO-IP, cells lysates in 1 ml RIPA (Cell Signaling Technology) were precleared by incubation with 20 μl of protein A/G PLUS-Agarose (Santa Cruz Biotechnology) and 2 μg of mouse IgG (Santa Cruz Biotechnology) for 1 h at 4°C for pre-clearing. 2 μg of Anti-pan Ago antibody (Millipore) or 2 μg of mouse IgG antibodies (Santa Cruz Biotechnology) and 20 μl of protein A/G PLUS-Agarose were added into the lysates and incubated together for 4 h at 4°C followed by washing five times with 1 × wash buffer. Total RNAs were extracted from the precipitated complexes using TRIzol to construct small RNA libraries.



Protein Purification and GST Pulldown

Plasmids expressing GST and GST-TRBP were expressed in Escherichia coli BL21 (DE3) strain cells. The cells were harvested and sonicated in lysis buffer (50 mM Tris–HCl [pH 8.0], 50 mM NaCl, 5 mM β-mercaptoethanol, 5% glycerol). Then, lysates were cleared by centrifugation at 20,000 g for 30 min at 4°C. The supernatants were purified with Glutathione Resin (GenScript) and dialyzed overnight at 4°C. GST and GST-TRBP proteins were detected by SDS-PAGE and used for GST pulldown.

For GST pulldown, the GST and GST-TRBP proteins were bound to glutathione beads and incubated with lysates expressing NS1 or NS1 38/41 protein for 5 h at 4°C in the presence or absence of 10 μg /ml RNase A and 5 U/ml RNase III. After five times washes with 1 × wash buffer, the bound proteins were detected by SDS-PAGE and Western blotting analysis.



Western and Northern Blotting Assays

Two assays were performed as previously described (Li et al., 2016; Wang et al., 2020). The following primary antibodies were used for detection: β-actin (Cell Signaling Technology), TRBP, PACT, Dicer, and EGFP (Santa Cruz Biotechnology), Flag and His (GenScript). The antibody of IAV-NS1 was gift of Dr. Yan Zhou. For Northern blotting, 10 μg of total RNA was used to detect miRNA. The probes used in this study are listed in Supplementary Table 3.



Generation of KO Cell Lines

293 T cells (1 × 106 cells/well) were seeded into a 6-well plate 1 day before transfection. The CRISPR/Cas9 plasmid (2 μg) were transfected into 293 T cells (80%–90% confluent) with Lipofectamine 2000. 24 h after transfection, cells were selected by puromycin (2.5 μg/ml). 72 h after selection, cells were identified by PCR and Western blotting. For analysis of single cell-derived clones, separated cells were plated at a density of 100–300 cells per 100 cm dish and were incubated for 2 weeks until colony formation. The KO cell lines were confirmed by DNA sequencing and Western blotting.



RT-qPCR

One microgram of RNA was reverse transcribed to cDNA using HiScript III First Strand cDNA Synthesis kit (+gDNA wiper; Vazyme). qPCR was performed using ChamQ Universal SYBR qPCR Master Mix (Vazyme). All samples were performed in triplicate. The results were normalized to β-actin mRNA. The expression levels of specific miRNAs were analyzed by quantitative PCR with specific stem-loop RT primer. The results were normalized to U6 small nuclear RNA. The primer sequences used in RT-qPCR are listed in Supplementary Table 4.



Animals

BALB/c and C57BL/6 mice were purchased from Charles River Laboratory (Shanghai, China). All animal experiments were carried out under the guidelines of the Institutional Animal Care and Use Committee, Fudan University of China.



Intranasal Infections

Six- to eight-week-old female BALB/c and C57BL/6 mice were kept under specific pathogen-free conditions in individual ventilated cages. Briefly, mice were anesthetized by intraperitoneal injection of a mixture of atropine, diazepam, and pentobarbital and infected intranasally with 104 PFU PR8/3841 in 50 μl of PBS or 104 PFU PR8-WT in 50 μl of PBS. Total RNAs were extracted from the lung tissues of mice 4 days post-infection (dpi).



Construction of Small RNA Libraries

RNA extractions were used for the construction of small RNA libraries by the method that depends on the 5′ monophosphate of small RNAs as previously described with the TruSeq Small RNA Sample Preparation Kit of Illumina (San Diego, CA; Li et al., 2016).



Deep Sequencing and Bioinformatic Analysis of Small RNAs

Libraries of small RNAs were cloned from the RNA samples and sequenced by Illumina HiSeq 2000/2500. Small RNA reads were mapped to the virus genome references or compared to mature miRNAs with a perfect match by Bowtie 1.1.2 before removed from adapter sequences. Bioinformatics analysis of virus-derived small RNAs was conducted using in-house Perl scripts as previously described (Li et al., 2016). Pairs of complementary 22-nt vsiRNAs in each library with different base-pairing lengths were computed using a previously described algorithm (Li et al., 2013). Content and properties of the small RNA libraries sequenced are shown in Supplementary Table 5. The following reference sequences were used in this study:

PR8-WT: The sequences were downloaded from NCBI: AF389115.1, AF389116.1, AF389117.1, AF389118.1, AF389119.1, AF389120.1, AF389121.1, and AF389122.1.

PR8/3841: Obtained from PR8-WT by mutating amino acids R38A and K41A in the NS1 segment.

Mature miRNAs: miRbase 21 (http://www.mirbase.org/).




RESULTS


IAV NS1 Interacts With Host TRBP Protein

To explore RNAi suppression by the NS1 protein of IAV, we conducted co-immunoprecipitation (co-IP) experiments to identify interactions between IAV NS1 and cellular proteins that are involved in RNAi. We detected NS1 in TRBP immunoprecipitants when plasmids encoding FLAG-tagged TRBP or FLAG-tagged EGFP (negative control) and plasmid encoding PR8 NS1 or WSN NS1 were co-transfected into 293 T cells (Figure 1A, lanes 1–6 and Figure 1B, lanes 1–6). To confirm whether NS1 is associated with TRBP upon IAV infection, 293 T cells were infected with PR8-wildtype (WT) or WSN-WT after ectopically expressing TRBP protein. NS1 was specifically co-immunoprecipitated with TRBP with viral infection, whereas NS1 was undetected in the control of EGFP (Figure 1A, lanes 7–12, Figure 1B, lanes 7–12, and Supplementary Figure 1). Because NS1 and TRBP are both dsRNA binding proteins (dsRBPs), we then examined whether the interaction is dependent on RNA. RNase A and RNase III were added into the cell lysate to exclude potential interactions mediated by single-stranded RNA (ssRNA) and dsRNA (Supplementary Figure 2). The NS1-TRBP interaction was maintained with RNase A and RNase III treatment (Figures 1C,D). These results suggest that the NS1-TRBP interaction is likely mediated by protein–protein binding instead of RNA.
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FIGURE 1. IAV NS1 interacts with TRBP. (A) Plasmids encoding PR8 NS1 and FLAG-TRBP or FLAG-EGFP or empty vector were co-transfected into 293 T cells for 48 h (lanes 1–6). 293 T cells were transfected with FLAG-TRBP or FLAG-EGFP or empty vector for 24 h before infected with PR8-WT (MOI = 1) for 24 h (lanes 7–12). Immunoprecipitations were performed with anti-FLAG antibody. FLAG-tagged proteins, NS1, and β-actin were detected with specific antibodies. (B) Plasmids encoding WSN NS1 and FLAG-TRBP or FLAG-EGFP or empty vector were co-transfected into 293 T cells for 48 h (lanes 1–6). 293 T cells were transfected with FLAG-TRBP or FLAG-EGFP or empty vector for 24 h before infected with WSN-WT (MOI = 1) for 24 h (lanes 7–12). Immunoprecipitations were performed and processed as in (A). (C,D) The NS1-specific interaction with TRBP persists in the presence of RNase. RNase A (10 mg/ml) and RNase III (5 U/ml) were treated with cell lysates. Immunoprecipitations were performed with anti-FLAG antibody. Samples were analyzed by SDS–PAGE with the indicated antibodies.


To further characterize complex formation, we aimed to validate the interaction using purified NS1 and TRBP. Unfortunately, full-length NS1 protein was observed to aggregate at various concentrations, consistent with those previously reported (Bornholdt and Prasad, 2008; Koliopoulos et al., 2018; Chen et al., 2020b). We finally purified the recombinant glutathione-S-transferase (GST)-fusion TRBP protein and performed GST pull-down experiments. PR8 NS1 or WSN NS1 from ectopic expression or viral infection in 293 T cells was incubated with GST-TRBP or GST purified from E. coli (Figure 2A). We found that NS1 bound with high affinity to GST-TRBP but not to GST with RNase treatment (Figure 2B). Together, these results demonstrate that IAV NS1 physically binds to the host TRBP protein.

[image: Figure 2]

FIGURE 2. GST pull-down assays of NS1 and TRBP. (A) Purification of GST and GST-TRBP proteins. (B) GST pull-down assay showing the interaction between NS1 and TRBP. Lysates of 293 T cells transfected with PR8 NS1 or WSN NS1 or infected with PR8-WT (MOI = 1) or WSN-WT (MOI = 1) were incubated with an equal amount of GST or GST-TRBP bound to glutathione-sepharose 4B beads with RNase A (10 mg/ml) and RNase III (5 U/ml) treatment. Samples were analyzed by SDS–PAGE with the indicated antibodies.




R38A and K41A Mutations in NS1 Abolish the NS1-TRBP Interaction

It has been demonstrated that a variety of important sites mediate interactions between NS1 and cellular proteins (Ji-Young Min, 2006; Mibayashi et al., 2007; Hale et al., 2008; Krug, 2015; Moriyama et al., 2016; Schierhorn et al., 2017). To further identify the binding sites in NS1, we constructed the C-terminal deletion mutant of NS1 (N-NS1) and the N-terminal deletion mutant of NS1 (C-NS1; Figure 3A). N-NS1 was specifically co-immunoprecipitated with TRBP (Figure 3B). However, we did not detect the interaction between C-NS1 and TRBP protein (Figure 3C). It was inferred that the N-terminal domain of IAV NS1 harbored critical sites that mediated the interaction with TRBP protein. We thus generated NS1 mutants and found that two-point mutations within NS1 (R38A/K41A) completely abolished NS1-TRBP interaction (Figures 3D,E). Furthermore, a recombinant virus carrying the R38A-K41A substitutions in NS1 (PR8/3841) was rescued to identify the interaction. The results of the virus-infected group were consistent with the plasmid-transfected group (Figure 3F). These results demonstrate that the region comprised of R38 and K41 is essential to bind TRBP protein.
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FIGURE 3. R38A and K41A mutations in NS1 abolish the NS1-TRBP interaction. (A) Domain architecture of PR8 NS1 protein (NS1-WT) and the generated mutant constructs (N-NS1, C-NS1, NS1 38/41). (B) Immunoprecipitation of N-NS1 protein with the TRBP protein. Plasmids encoding FLAG-TRBP or FLAG-EGFP and N-NS1 were co-transfected into 293 T cells for 48 h. Immunoprecipitations were performed with anti-FLAG antibody. FLAG-tagged proteins, N-NS1, and β-actin were detected with specific antibodies. (C) Immunoprecipitation of C-NS1 protein with the TRBP protein. Plasmids encoding FLAG-TRBP or FLAG-EGFP and C-NS1 were co-transfected into 293 T cells for 48 h and processed as in (B). (D) Plasmids encoding FLAG-TRBP or FLAG-EGFP and PR8 NS1-WT or PR8 NS1 38/41 were co-transfected into 293 T cells for 48 h and processed as in (B). (E) Plasmids encoding FLAG-TRBP or FLAG-EGFP and WSN NS1-WT or WSN NS1 38/41 were co-transfected into 293 T cells for 48 h and processed as in (B). (F) 293 T cells were transfected with FLAG-TRBP or FLAG-EGFP for 24 h before infected with PR8-WT (MOI = 1) or PR8/3841 (MOI = 1) for 24 h and processed as in (B).




The First Two Domains of the TRBP Protein Mediate the Interaction With NS1

TRBP contains three dsRNA binding domains (dsRBDs), including dsRBD-A, dsRBD-B, and dsRBD-C (Chendrimada et al., 2005; Haase et al., 2005; Kok et al., 2007). The first two domains bind dsRNA, while the third domain mediates protein–protein interactions including the Dicer protein (Daniels et al., 2009). To determine which domain NS1 binds to, we constructed FLAG-tagged plasmids expressing different domains of TRBP (Figure 4A). NS1 and each plasmid encoding TRBP including full-length plasmid (TRBP-WT) and truncated plasmids (TA, TB, and TC) were co-transfected into 293 T cells. Co-IP assays and Western blotting were conducted to identify the interaction region. It showed that the dsRBD-A and dsRBD-B of TRBP were responsible for NS1-TRBP interaction (Figure 4B).
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FIGURE 4. The dsRBD-A and dsRBD-B of TRBP are critical for interacting with NS1. (A) Domain architecture of TRBP protein (TRBP-WT) and the generated mutant constructs (TA, TB, and TC). (B) Immunoprecipitation of PR8 NS1 protein with different mutants of TRBP proteins. PR8 NS1 and the indicated FLAG-tagged constructs were co-transfected into 293 T cells, followed by FLAG immunoprecipitation. FLAG-tagged proteins, NS1, and β-actin were detected with specific antibodies. (C) The weak interaction between Dicer and NS1. 293 T cells were transfected with FLAG-Dicer or FLAG-T7 for 24 h before infected with PR8-WT (MOI = 1) for 24 h and processed as in (B). (D) NS1 participates in the complex with TRBP and Dicer. 293 T cells were co-transfected with FLAG-Dicer and His-EGFP or His-TRBP for 24 h before infected with mock or PR8-WT (MOI = 1) or PR8/3841 (MOI = 1) and then processed as in (B).


TRBP forms a complex with Dicer and promotes the activity of Dicer in the processing of sRNAs (Chendrimada et al., 2005; Takahashi et al., 2014; Kurzynska-Kokorniak et al., 2015). To confirm the relationship between NS1 and Dicer in viral infection, we expressed FLAG-tagged Dicer or FLAG-tagged T7 (negative control) in 293 T cells and infected with PR8-WT. The results showed a weak interaction between NS1 and Dicer (Figure 4C). We subsequently tested whether the interaction between TRBP and Dicer was influenced by NS1. FLAG-Dicer and His-tagged TRBP or His-tagged EGFP (negative control) were co-transfected into 293 T cells and then infected with mock or PR8-WT or PR8/3841. Co-IP analysis were performed to examine the interaction between Dicer-TRBP and Dicer-NS1. The TRBP-Dicer interaction was not influenced with or without viral infection. However, the NS1-Dicer interaction was enhanced during PR8-WT infection (Figure 4D). We previously found that TRBP interacted with NS1 via its RBD instead of the ED that interacted with Dicer. Therefore, we inferred that the NS1 protein might be in the complex with TRBP and Dicer during sRNAs production.



NS1-TRBP Interaction Reduces the Expression of Endogenous miRNAs

The effect of TRBP on the expression level of miRNA has remained elusive (Chendrimada et al., 2005; Melo et al., 2009; Ota et al., 2013; Kim et al., 2014). To verify the effect of TRBP on miRNAs, TRBP knockout (KO) 293 T cells were generated with the CRISPR/Cas9 system. Western blot analysis was performed to confirm the depletion of full-length TRBP protein in TRBP-KO cells. The expression of key protein components of the RISC, including Dicer, AGO, and PACT proteins, were similar between parental and TRBP-KO cells (Figure 5A). Northern blot analysis was performed to confirm miRNA production. We identified that the expression levels of let-7a-5p and the abundance of 22-nt miR-126-3p decreased in the absence of TRBP (Figure 5B and Supplementary Figure 3A), which were concordant to the results of a previous study (Chendrimada et al., 2005; Kim et al., 2014).
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FIGURE 5. TRBP affects miRNAs production. (A) RISC-associated proteins of 293 T and TRBP-KO cells were detected by Western blotting. (B) Northern blotting analysis of miR-126a-3p and let-7a-5p expression levels in the indicated cells. The relative expression levels of miRNAs are normalized to that of U6 small nuclear RNA and to the miRNA level from the WT 293 T cells. (C) TRBP promotes endogenous let-7a-5p expression. FLAG-TRBP was transfected into TRBP-KO cells for 48 h. Northern blotting and Western blotting were performed to detect let-7a-5p, U6, TRBP, and β-actin expressions in the indicated cells. The relative expression level of let-7a-5p is normalized to that of U6 small nuclear RNA and to the miRNA level from the TRBP-KO cells. (D) TRBP promotes exogenous miR-21 expression. TRBP-KO cells were transfected with a miR-21 expressing plasmid and FLAG-TRBP or FLAG-EGFP for 48 h. Northern blotting and Western blotting were performed to detect expression levels of miR-21, U6, FLAG-tagged proteins and β-actin. The relative expression level of miR-21 is normalized to that of U6 small nuclear RNA and to the miRNA level from the miR-21-transfected TRBP-KO cells.


To validate the function of TRBP, TRBP-KO cells were transfected with FLAG-TRBP plasmid. It showed that TRBP overexpression indeed upregulated let-7a-5p (Figure 5C and Supplementary Figure 3B). We also evaluated the expression level of exogenous miR-21 as previously described (Wang et al., 2020). The human miR-21 expressing plasmid and FLAG-TRBP or FLAG-EGFP (negative control) were co-transfected into TRBP-KO cells. It revealed that TRBP also affected exogenous miR-21 expression (Figure 5D and Supplementary Figure 3C). These results demonstrate that TRBP affects the maturation of miRNAs in 293 T cells.

To further elucidate the role of NS1 in miRNA expression mediated by TRBP, we first compared the expression level of the specific miRNA after viral infection of WT and TRBP-KO cells. We found that the abundance of let-7a-5p was significantly reduced in PR8-infected WT cells (Figure 6A, lanes 1–3 and Supplementary Figure 3D). In contrast, infection with or without virus did not alter the expression of let-7a-5p in TRBP-KO cells (Figure 6A, lanes 4–6 and Supplementary Figure 3E). We then transfected FLAG-TRBP in TRBP-KO cells and then infected with mock or PR8-WT or PR8/3841. The same results were observed that PR8-WT instead of PR8/3841 inhibited the production of let-7a-5p (Figure 6B and Supplementary Figure 3F), which suggested that NS1-TRBP interaction affected the production of the endogenous miRNA. NS1 has been shown to be involved in the regulation of miRNAs processing (Terrier et al., 2013; Tan et al., 2014; Bamunuarachchi et al., 2021). To exclude the potential effect of the endogenous miRNA, we also examined the expression of exogenous miR-21. A reduction in miR-21 expression was observed after infection with PR8-WT, while NS1 mutants did not affect miR-21 expression (Figures 6C,D, and Supplementary Figures 3G,H). Taken together, IAV NS1 influences the function of Dicer by binding to the TRBP protein.
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FIGURE 6. NS1-TRBP interaction reduces miRNAs production. (A) The expression level of let-7a-5p is downregulated in PR8-infected WT cells. WT 293 T cells and TRBP-KO cells were infected with mock or PR8-WT (MOI = 1) or PR8/3841 (MOI = 1) for 48 h. Northern blotting and Western blotting were performed to detect expression levels of let-7a-5p, U6, NS1, and β-actin. The relative expression level of let-7a-5p is normalized to that of U6 small nuclear RNA and to the miRNA level from the uninfected WT 293 T cells or the uninfected TRBP-KO cells. (B) NS1-TRBP interaction reduces the expression of endogenous let-7a-5p. TRBP-KO cells were transfected with FLAG-TRBP for 24 h before infected with PR8-WT or PR8/3841 for 24 h. Northern blotting detection of let-7a-5p and U6 expressions. The relative expression level of let-7a-5p is normalized to that of U6 small nuclear RNA and to the miRNA level from the uninfected cells. Western blotting detection of TRBP, NS1, and β-actin proteins. (C, D) NS1-TRBP interaction reduces the expression of exogenous miR-21. (C) TRBP-KO cells were transfected with a miR-21 expressing plasmid for 24 h before infected with mock or PR8-WT or PR8/3841 for 24 h. (D) TRBP-KO cells were co-transfected with FLAG-TRBP and miR-21 expressing plasmid for 24 h before infected with mock or PR8-WT or PR8/3841 for 24 h. Northern blotting detection expressions of miR-21 and U6. The relative expression level of miR-21 is normalized to that of U6 small nuclear RNA and to the miRNA level from the uninfected cells. Western blotting detection of TRBP, NS1, and β-actin proteins.




R38A-K41A Substitutions Abolish the Inhibition of shRNA-Mediated RNAi by NS1

Dicer can cleave short hairpin RNA (shRNA) into siRNAs (Haasnoot et al., 2007; Jinek and Doudna, 2009; Qian et al., 2020). As a VSR, NS1 modulates functions of Dicer to facilitate viral replication and pathogenesis (Bucher et al., 2004; Li et al., 2004; de Vries et al., 2009). To further determine whether mutant NS1 was capable of affecting Dicer’s activities, shRNAs were assessed. The EGFP-specific short hairpin RNA (shEGFP) can induce shRNA-mediated silencing to destroy the EGFP transcript. Luciferase-specific shRNA (shLUC) was used as a negative control. We observed that, compared to co-transfection of EGFP with shLuc in 293 T cells, transfection with EGFP and shEGFP statistically significantly reduced EGFP mRNA level (Figure 7A). We then infected 293 T cells with PR8-WT or PR8/3841 after transfection with EGFP and shEGFP. Quantitative real-time PCR (qRT-PCR) and Western blotting analysis showed that the mRNA expression level of EGFP was recovered in PR8-WT-infected cells instead of PR8/3841-infected cells (Figures 7A,B). These results show that infection of PR8-WT effectively suppresses shRNA-induced silencing in 293 T cells. However, PR8/3841 is deficient in the ability to suppress the process.
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FIGURE 7. R38A-K41A substitutions in NS1 abolish the inhibition of shRNA-mediated RNAi. (A) Relative mRNA levels of EGFP as quantified by qRT-PCR. 293 T cells were co-transfected with a plasmid encoding EGFP and EGFP-specific shRNA (shEGFP) or luciferase-specific shRNA (shLUC) as a negative control and then infected with PR8-WT (MOI = 1) or PR8/3841 (MOI = 1). After 48 h post-transfection, total RNAs were extracted, and the level of EGFP mRNA was examined by qRT-PCR. The experiments were repeated three times independently. The mRNA level of EGFP+shLUC group was set as 1. ***p < 0.001 (Student’s t-test). ns indicates no significance. (B) Western blotting detection of EGFP, NS1, and β-actin proteins.




Abundant vsiRNAs are Produced in vitro and in vivo With PR8/3841 Infection

We previously reported that IAV-WT suppressed vsiRNAs production in mammalian cells. We next investigated whether the 38/41 amino acid sites of NS1 were associated with vsiRNAs induction. Total RNAs from PR8/3841 infected 293 T cells without or with AGO-IP were sequenced. We detected abundant vsiRNAs that were predominantly 22-nt in size from viral positive and negative strands (Figure 8A). The vsiRNA reads were mainly derived from the first three segments (PB2, PB1, and PA), and exhibited a discrete distribution pattern (Figure 8C). In conclusion, amino acids 38/41 of NS1 are key sites to induce and suppress vsiRNA production in mammalian somatic cells.
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FIGURE 8. The abundant vsiRNAs produced in mammalian cells and mice with PR8/3841 infection. (A) Properties of vsiRNAs (per million total mature miRNAs) sequenced from 293 T cells without or with AGO-IP (at 1 dpi). Size distribution, abundance, the 5′-nucleotide preference of vsiRNAs (per million total 18–28 nt reads) with PR8/3841 infection. (B) Properties of vsiRNAs (per million total mature miRNAs) sequenced from adult C57BL/6 or BALB/c mice (at 4 dpi) infected with PR8-WT or PR8/3841. Size distribution, abundance, the 5′-nucleotide preference of vsiRNAs (per million total 18–28 nt reads) with PR8-WT or PR8/3841 infection. (C) Relative abundance of 21–23 nt vsiRNA hotspots mapped to PR8-WT or PR8/3841 genomic RNAs, presented from the 3′ end to the 5′ end.


To date, no study on IAV-derived siRNAs in vivo has been reported. We sequenced sRNAs from lung tissues of PR8-WT or PR8/3841 infected C57BL/6 and BALB/c mice by intranasal inoculation. PR8-WT did not generate the visible properties vsiRNAs in C57BL/6 mice (Figure 8B). In contrast, it showed a 22-nt predominant size distribution of IAV-specific siRNAs for both viral positive and negative strands in the PR8/3841-infected C57BL/6 and BALB/C mice (Figure 8B). To further identify the distribution of vsiRNAs on the genome, 21–23-nt vsiRNAs were mapped onto the viral genome and exhibited a discrete distribution pattern with high abundance in the segment PB2, PB1, and NP, especially NP (Figure 8C). 46% of the viral reads were derived from the NP segment in PR8/3841-infected BALB/c mice, while the length of NP segment accounted for 11.5% of the length of the viral genome. In contrast, we previously found that most of the vsiRNA reads were mapped to the segment NS in PR8/delNS1-infected 293 T cells (Li et al., 2016), suggesting the distribution of vsiRNAs varied from recombinant virus-expressing NS1 protein with different mutations. Together, our findings show that vsiRNAs are readily detectable in vitro and in vivo after infection with PR8/3841.




DISCUSSION

Many studies have demonstrated the suppressor role of influenza virus NS1 protein in RNAi. NS1 from different subtypes of influenza viruses suppress RNA silencing via dsRBD in Drosophila (Li et al., 2004). NS1 of IAV binds to siRNA and serves as a suppressor of RNA silencing in plants (Bucher et al., 2004). Moreover, we previously reported that NS1 inhibits the generation of vsiRNAs in IAV-infected mammalian cells (Li et al., 2016). An important function of NS1 RBD is binding dsRNA to mediate protein–protein interactions (Chen et al., 2020a). However, not all interactions that occur in RBD are associated with dsRNA. For instance, NS1 directly interacts with importin-α isoforms via its amino acids R35, R38, and K41 (Melen et al., 2007). In this study, RNase A and RNase III were used to remove ssRNA and dsRNA. Our results showed that NS1 likely formed an RNA-independent complex with TRBP in vitro and TRBP may not compete with dsRNA for binding to NS1. Therefore, as a VSR, NS1 uses various mechanisms for not only dsRNA binding but also interacting with TRBP to interfere with Dicer-mediated sRNA induction (Figure 9). In addition to the role in small RNA processing, TRBP also functions as a PKR inhibitor to suppress the phosphorylation of PKR and eIF2α in interferon response (Park et al., 1994). Besides, NS1 interacts with PKR via its 123–127 aa and inhibits translation (Min et al., 2007). The interaction of NS1 and TRBP is likely to affect the activity of PKR indirectly. Future studies should examine whether virus replication is affected by the PKR pathway.
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FIGURE 9. Schematic model of the suppressor roles of NS1 in RNAi. Left panel: (A) NS1 inhibits miRNAs production by interacting with TRBP. (B) NS1 inhibits shRNA-mediated RNAi by interacting with TRBP. Right panel: (A) NS1 inhibits siRNA production by directly binding to dsRNAs. (B) NS1 suppresses the cleavage activity of Dicer by interacting with TRBP. (C) NS1 suppresses siRNA loading onto AGO2 by directly binding to siRNAs.


MiRNA expression is influenced by multiple factors. Two factors that we are mainly concerned with include the TRBP protein and viral infection. In this study, we generated 293 T TRBP-KO cells and found that the isoform of miR126-3p and the abundance let-7a-5p were significantly downregulated, which are consistent with the findings of previous studies (Chendrimada et al., 2005; Ota et al., 2013; Kim et al., 2014). There are several reports about the inhibition of IAV in miRNA maturation. Terrier et al. reveal that five miRNAs (miR-21, miR-29a, miR-29b, miR-146a, and miR-452) are downregulated in human lung epithelial cells (A549) infected with H1N1 and H3N2 IAV (Terrier et al., 2013). MiRNA microarray has been used to demonstrate that four miRNAs (miR-221-3p, miR-22-3p, miR-20a-5p, and miR-3,613-3p) are upregulated and two miRNAs (miR-3,178 and miR-4,505) are downregulated in HEK293 cells stably expressing the NS1 protein of H5N1 IAV (Jiao et al., 2019). Another microarray study indicates that 22 and 114 miRNAs in lungs are downregulated at 7 and 15 days post-infection when BALB/c mice are infected with PR8-WT (Tan et al., 2014). However, the mechanism by which the IAV NS1 protein regulates miRNAs is unclear. Here, we compared the effects of miRNA production between NS1 and NS1 38/41 and found that let-7a-5p and miR-21 were downregulated by NS1-TRBP interaction. Based on these results, there are still some issues needed to be resolved in future studies. First, we only tested a few miRNAs, which may not reflect the overall miRNA expression. Second, more types of cells need to be analyzed, preferably the results of in vivo IAV infection.

Previous studies have demonstrated that the recombinant viruses containing R38A and K41A mutations in NS1 increase the expression of IFN-α/β and are attenuated in cells and mice (Talon et al., 2000; Donelan et al., 2003; Ramos et al., 2013). In our study, PR8/3841 induces vsiRNAs following infection, activating the antiviral RNAi in vivo and in vitro. Dicer-mediated cleavage of viral dsRNAs into vsiRNAs leads to suppression of viral replication by knocking down viral genes. Our recent study indicates that NoV-derived siRNAs have antiviral function in vivo by constructing a recombinant SINV containing part of NoV genomic RNA 1 sequences (Zhang et al., 2021). In addition, Zhou and colleagues designed peptides targeting the 3A protein of enterovirus A71 (EV-A71), which abrogate VSR function and promote vsiRNAs production (Fang et al., 2021). These vsiRNAs are able to load into AGO proteins and silence cognate viral RNA in vivo. In present work, we show for the first time the production of IAV-derived siRNAs in vivo. These IAV vsiRNAs have the characteristics of canonical viral siRNAs and are likely to have antiviral functions. Because both NoV and SINV can infect the muscle tissue of mice, we generated the SINV reporting system to detect the function of vsiRNAs from the NoV virus (Zhang et al., 2021). Unfortunately, because IAV mainly replicates in lung tissues, the SINV reporting system is not suitable for testing the function of IAV vsiRNAs. Future work needs to establish an optimized reporter system to confirm the antiviral function of these IAV siRNAs in vivo.
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H6-subtype avian influenza virus (AIV) was prevalent in the world and could sporadically infect humans. Here, a new chicken-derived H6N6-subtype AIV strain A/chicken/Zhejiang/49/2021 (ZJ49) was isolated in Zhejiang Province, China in 2021. Phylogenetic analysis by Maximum likelihood methods showed that H6-subtype AIVs were classed into 13 groups according to HA gene. The ZJ49 strain belonged to the G12 group, which mainly consisted of strains from Asian and dominated in recent years. Based on NA gene, H6-subtype AIVs were divided into N6.1 and N6.2 clades according to the NA gene. The ZJ49 isolate was located in the N6.2e clade, which mainly consisted of the H5N6-subtype AIVs. Phylogenetic analysis by Bayesian methods showed that the effective quantity size of H6-subtype AIVs increased around 1990, reached a peak around 2015, declined after 2015, then kept in a stable level after 2018. The reassortment analysis predicted that the PB2, PA, and NA genes of ZJ49 may recombine with H5-subtype AIVs. The amino acid at 222 position of HA gene of ZJ49 strain mutated from A to V, suggesting that ZJ49 has a potential ability to cross species barriers. The four glycosylation sites were highly conserved, implying less impact on the fold and conception of HA stem structure. Our results revealed the complicated evolution, reassortment, and mutations of receptor binding sites of H6-subtype AIVs, which emphasize the importance to continuously monitor the epidemiology and evolution of H6-subtype AIVs.
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Introduction

Avian influenza is a kind of avian infectious disease caused by the avian influenza viruses (Avian Influenza viruses, AIVs) characterized by respiratory system lesions or systemic sepsis. AIVs can be divided into low pathogenic AIVs (LPAIVs) and high pathogenic AIVs (HPAIVs; Germeraad et al., 2019). Compared with HPAIVs, LPAIVs caused continuous effects to chickens in reducing egg production and even became a potential threat to human public health (Wang et al., 2014). H6-subtype AIVs belong to LPAIVs (Lin et al., 2020; Li et al., 2021). The H6 subtype AIV was first isolated from a turkey in 1965 (Munster et al., 2007; Rimondi et al., 2011), and subsequently from shorebirds and wild ducks (Downie et al., 1973; Sharp et al., 1993). Currently, the H6 viruses became one of the most predominant virus subtypes circulating in wild birds and domestic poultry throughout different continents (Hoque et al., 2015; Lee et al., 2017; Rimondi et al., 2018) and they were undergoing constant reassortment with different subtypes of viruses (Yuan et al., 2016; Kumar et al., 2018; Li et al., 2019). H6-subtype AIVs highly occurred in China as compared to other countries. Five subtypes of H6 influenza virus (H6N1, H6N2, H6N5, H6N6 and H6N8) co-circulated in Eastern China (Zhao et al., 2011), which formed a significant part of the natural influenza virus reservoir in domestic ducks. In China, the most representative strain, A/teal/Hong Kong/W312/97 (W312), was isolated during the “bird flu” incident in Hong Kong in 1997 (Cheung et al., 2007). The duck-derived H6N2 viruses were most frequently detected in China from 2002 to 2008, then the H6N6 viruses became the most epidemic subtype since 2009 (Zhao et al., 2011). H6N6 viruses had become the main circulating H6 subtype AIVs from 2014 to 2018 (Li et al., 2019; Cui et al., 2021).

Remarkably, H6 subtype AIVs can not only infect birds but also infect mammals. A strain of H6N6 was isolated from swine in Yangzhou, Eastern China in 2009 (Zhao et al., 2013). The first human infection with the A/Taiwan/2/2013 (H6N1) was reported on June 21, 2013 (Shi et al., 2013; Wei et al., 2013). Due to the lack of a commercial available vaccine, H6-subtype AIVs had continuously evolved and diversified into many distinct lineages in China and other Asian countries (Huang et al., 2010, 2012). These findings suggest that H6 subtype AIVs could cross the species barrier and infect mammals, including humans. Antigenic variation in the influenza virus had the potential to cause rapid adaptation and led to an unexpected evolutionary road (Liu et al., 2013; Morens et al., 2013). Therefore, extensive monitoring of influenza virus variation is necessary for understanding of the epidemilogy of influenza virus. Here, a new H6N6-subtype AIV strain from chickens named A/chicken/Zhejiang/49/2021 (ZJ49) was isolated in Zhejiang, China in 2021. The genetic evolutionary, reassortment, and mutations of receptor binding sites of H6-subtype AIVs were analyzed to investigate the genetic evolution regulations and molecular characteristics. Our findings revealed that H6N6-subtype AIVs were likely to spread across species and recombine with highly pathogenic viruses.



Materials and methods


Sample collection and virus isolation

To investigate the prevalence of AIVs in Zhejiang Province, fixed location surveillance in poultry farms were conducted in four cities of Zhejiang Province in 2021. A total of 923 oropharyngeal and cloacal swabs including 810 from chickens and 113 from ducks were collected from apparently healthy poultry from four cities in Zhejiang, including Jiaxing (n = 389), Huzhou (n = 294), Zhoushan (n = 100), and Taizhou (n = 140). The samples in Zhoushan were free-range samples from farmers. The total RNA extracted from the samples was detected by RT-PCR using universal primers targeting the M gene (M-F: CGTAGACGCTTTGTCCAAAATGCC; M-R: AAGACGATCAAGAATCCACAATA). All RT-PCR positive samples were isolated with 10-day-73 old SPF chicken embryos for 96 h at 37 °C for virus isolation. Hemagglutinin-positive samples were further confirmed by RT-PCR with above primers M-F and M-R. The isolate was serially passaged on chicken embryos and subjected to extract RNA for Next-generation sequencing (NGS).



Whole-genome sequencing of AIV isolates and sequencing data assembly

The ultra-concentrated virus was sent to Genergy Bio-Technology (SHANGHAI) CO., LTD for Next-generation sequencing. The main methods were as follows: NGS (van Dijk et al., 2014) was used to determine the whole-genome sequences of AIV isolates. For NGS, the viral RNAs were quantified using the 2,100 Bio-analyzer System (Agilent Technologies). RT-PCR and cDNA synthesis were conducted using the Prime Script One-Step RT-PCR kit (Takara), with influenza A random primer. The sequencing libraries with an insert size of 200–400 bp were prepared by end-repairing, dA-tailing, adaptor ligation, and PCR amplification, all according to the instructions provided by the manufacturer (Illumina). The libraries were sequenced on an Illumina NovaSeq 6,000 Sequencer (Dillies et al., 2013) by 150 bp paired-end sequencing, and sequencing depth for AIVs isolates was 2G per sample.

NGS sequencing reads were processed and assembled as described previously (Yu et al., 2014). The filtered reads were mapped to the Influenza database to choose the best-matching reference sequences and determine genotypes. Burrows-Wheeler Aligner (BWA version 0.7.17; Li and Durbin, 2009) and SAMtools (version 1.10; Li et al., 2009) were then used to perform the reference-based assembly.



Sequence retrieval and phylogenetic reconstruction

In order to describe the spatiotemporal evolution of H6-subtype AIVs, the H6NX and HXN6 influenza viruses were focused in this study. The data of the global distribution of H6NX are listed in Supplementary Table S1. The gene sequences of isolates with the full-length gene sequences of all H6NX HA gene sequences, HXN6 NA gene sequences, and all H6N6 internal fragments in the GISAID and Genbank Influenza Research Databases were combined. Identical sequences were removed through RAxML-ng. Sequences derived from laboratory strains and containing ambiguous characters were also removed from the dataset. The Visual Studio code was used to remove the noncoding region and to keep the full length of the ORFs encoding each fragment genes. Only the longest ORFs were retained for each sequence. Nucleotide sequences were aligned using MAFFT (Katoh et al., 2002). Identical sequences were removed again by RAxML-ng. The total number of sequences for HA, NA, MP, NP, NS, PA, PB1, and PB2 were 2063, 3,338, 386, 386, 376, 308, 259, and 266, respectively. The accession number and the sequence source were listed in Supplementary Table S2.

All HA sequences from GISAID and Genbank were used to determine the distribution ratios of various subtypes across continents. Coding region sequences (CDS) were used for phylogenetic reconstruction using RAxML v8.2.4 (Stamatakis, 2014) based on the general time-reversible model and gamma distribution (GTR + G) model. The auto MRE bootstrapping convergence criterion (Pattengale et al., 2010) was applied to determine the most suitable number of replicates instead of the default 1,000 replicates. The selection of most suitable replicates of bootstrap was done as follow: after 50 replicates, all of the generated bootstrapped trees were repeatedly (1,000 permutations) split into two equal subsets and the Weighted Robinson–Foulds (WRF) distance was calculated between the majority-rule consensus trees of both subsets (for each permutation). Bootstrapping convergence was considered to be reached if over 99% of permutations have low WRF distances (<3%). In this case, convergence was reached after 400, 650, 900, 1,000, 750, 550, 420, and 550 replicates.

The phylogenetic tree was visualized using iTOL v4 (Letunic and Bork, 2016). For further analysis, the big HA tree was split into several different groups. The criteria for group selection were as follows: Collapse all clades whose average branch length distance to their leaves is below 0.15. The naming of branches and sub-branches in the NA evolutionary tree follows the topological rules of the evolutionary tree: The naming of primary branches follows “name of subtype/gene + ‘.’ + number,” Subclades are named with alternating letters and numbers, such as H5.2a. Try to follow the order of host (avian > human > swine > horse > dog) > space (Western hemisphere > Eastern hemisphere) > time (early period > later period).



Evolutionary and reassortment analysis

The TempEst was used to assessed temporal signal in our data sets (Rambaut et al., 2016) and Path-sampling and Stepping-stone estimation approaches were used to assess the best fitting model through marginal likelihood estimation (Baele et al., 2013, 2016). The BEAST package (v2.6.6) was used to construct the maximum clade credibility (MCC) tree (Suchard et al., 2018). The best-fit nucleotide substitution model was selected using IQ-tree (Nguyen et al., 2015). We selected GTR + G distributed rate variation among sites in nucleotide substitution model, uncorrelated relaxed lognormal clock set in the molecular clock, Coalescent: Bayesian Skyline set in prior, total chain length was 4 × 108 and sampling every 1,000 steps. Four dependently runs were combined using Logcombiner. In addition, we used a coalescent-based nonparametric skyline prior to the tree topologies to model the effective avian size over time.

The reassortment events among the H6N6-subtype and other subtype viruses were carried out with the sequences which information were listed in Supplementary Table S3. ML phylogenetic trees inferred for HXN6-subtype AIVs HA and NA using RAxML under the general time-reversible substitution model with gamma-distributed rates across sites. In total, 1,000 bootstraps were evaluated to assess support values. Full genomes sequences were analyzed separately to detect reassortment events using RDP5 (He et al., 2020) and Similarity plot (Soli et al., 2019). A total of eight methods including RDP, GENECONV, 3Seq, Chimaera, SiScan, MaxChi, BootScan, and LARD implemented in RDP5 were applied. Reassortment detected by at least three of the eight methods with a value of p cut off of 0.05 was considered as true reassortment (Sabir et al., 2016).



The haemagglutinin binding site and N-glycosylation site

Amino acid glycosylation sites of ZJ49 isolate were predicted by NetNGlyc-1.0 prediction server1 (Wang et al., 2006). The tertiary structure model (The template was 4wss.1.A) of ZJ49 HA protein was constructed through the SWISS-MODEL online server2 (Waterhouse et al., 2018), and PyMOL (Version 2.0.7) was used for visual analysis to map the spatial location of receptor binding sites and glycosylation sites (Lu, 2020).




Results


Spatial distribution of the H6-subtype influenza virus

In 2021, a total of 923 pharyngeal and anal swabs were collected from Zhejiang Province, China. A total of 71 positive samples were detected, with a positive rate of 7.69% for AIV detection. Among them, the AIV positive rates of samples from Jiaxing, Huzhou, Zhoushan and Taizhou were 4.88% (19/389), 8.16% (24/294), 28% (28/100) and 0 (0/140), respectively. A strain of chicken-derived H6N6 virus (A/chicken/Zhejiang/49/2021, ZJ49) was isolated from the samples of Huzhou. The nucleotide sequence lengths of PB2, PB1, PA, HA, NA, NP, M, and NS fragments of ZJ49 were 2,280, 2,274, 2,151, 1701, 1,380, 1,497, 982, and 838 (Supplementary Table S4). Total of 2064 H6NX genome sequences including ZJ49 were collected from GISAID and Genbank (Supplementary Table S1), which strain informations were subjected to analysis of spatial distribution of H6NX subtype AIVs. There were differences in the proportion of isolates of each H6NX subtype in each continent, with the highest proportion of H6N6 isolates in Asia (about 43.25%; Figure 1A). H6N6-subtype AIVs were found in the three continents including Asia, Europe, and North America, with the highest distribution in Asia (about 96.73%; Figure 1A).
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FIGURE 1
 Spatial distribution of the H6-subtype influenza virus. (A) Global distribution of H6NX isolates. The proportion of isolates for each subtype category is visualized in a pie chart. The size of the pie chart is proportional to the number of isolates in each continent. (B) Phylogeny and groups of H6NX HA. Only bootstrap values≥70% are visualized as a purple circle in the middle of the branch. The size of the circle is proportional to the bootstrap value. Categories of virus (such as subtype, host, location, time) are identified by different colors of circles in the outer part of the tree. Phylogenetic independent groups are indicated with different colors of branches. (C) Phylogeny and groups of HXN6 NA. Tree scale is 0.1. Different subtypes are represented by different colored branches. ZJ49 is indicated by a red five-pointed star.


According to the phylogenetic tree (Figure 1B), 13 genetically distinct groups based on HA genes were identified. Most of the strains in the H6NX ML tree were isolated from ducks, indicating that ducks are the main host for H6-subtype AIVs. The number of strains originating from chickens was relatively small, and they were mainly distributed in China. The strains isolated in the early 1970s were mainly concentrated in North America to form G1 and G2 groups. H6N2 and H6N6-subtype AIVs co-evolved and were mainly distributed in the Asia continent especially China. The ZJ49 isolate was located in the G12 group and was most genetically related to A/duck/Hunan/2.06_YYGK86J3-OC/2018 (H6N6), which was consistent with the analysis by BLAST (Figure 1B; Supplementary Table S4). The genome nucleotide homology between these two strains was 98.53% (Supplementary Table S4). The NA subtypes of the G13 strains were more abundant and mainly composed of Eurasian strains and American strains. The strain of H6N1 isolated from human was located in this group.

The NA genes of the N6-subtype AIVs can be divided into two primary branches, N6.1 and N6.2, corresponding to the branches dominated by North America and Eurasia, respectively (Figure 1C). The North American clade was mainly composed of the H4N6-subtype AIVs, and the European clade was jointly composed of H4N6, H5N6 and H6N6-subtype AIVs. Five secondary clades were named N6.1a ~ e, within the N6.1 clade. The N6.1a ~ d branches correspond to the HXN6-subtype AIVs isolated earlier. Five secondary clades were named N6.2a ~ e within the N6.2 branch. The N6.2a ~ c branch was mainly composed of H4N6. N6.2d and N6.2e were dominated by H6N6 and H5N6, respectively. Among them, H4N6 and H5N6 were cross-distributed in N6.2a, and H5N6 and H6N6 were cross-distributed in N6.2d and N6.2e, suggesting that H5N6 may recombine with H4N6 and H6N6. The ZJ49 isolate was located in the N6.2e branch, which was mainly consisted of the H5N6-subtype AIVs.

According to the ML trees constructed based on the internal fragments of H6N6 (Figure 2), the distribution of H6N6 can be divided into the seven countries, including China, Viet Nam, United States, Canada, Korea, Russian Federation, and Japan. The results were consistent with the results of phylogenetic analysis based on the HA gene, in which the H6N6-subtype AIVs was mainly prevalent in China.
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FIGURE 2
 Phylogeny and groups of PB2, PB1, PA, NP, M, and NS of H6N6. Only bootstrap values≥70% are indicated as a purple circle in the middle of the branch. The size of the circle is proportional to the bootstrap value. Categories of viruses (such as host, and location) are identified by different colors. ZJ49 is indicated by a red five-pointed star.




Temporal distribution of the H6-subtype influenza virus

We explored temporal signal in sequence alignments using TempEst, as assessed by visual inspection and the correlation coefficient, R2. The result indicated a positive correlation between genetic divergence and sampling time (R2 = 0.4008) and appeared to be suitable for phylogenetic molecular clock analysis in BEAST (Figure 3A). The Stepping-stone and Path-sampling estimation approaches showed that the log marginal likelihood of Bayesian Skyline was −63461.546 (Figure 3B) and − 63407.094 (Figure 3C), respectively, indicating that the Bayesian skyline was the best fitting model. Due to the increasing number of samples, the effective quantity size increased around 1990, reached a peak around 2015, while declined after 2015, then kept in a stable level after 2018. (Figure 3D). The structure of the MCC tree based on HA was similar to the ML tree. The H6 subtype AIVs were clearly divided into G1–G13 (Figure 3E). Base on the MCC tree, the H6-subtype AIVs spread from North America to Eurasia around 1976. In recent years, H6-subtype AIVs were mainly distributed in G12 and G13 groups. In the NA gene genetic tree, N6.2d mainly consisted of H6N6 strains prevalent in Asia after 2005, and N6.2e mainly consisted of H5N6 strains prevalent in Asia after 2015 (Figure 1C). According to the phylogenetic tree (Figure 2), the ML tree constructed by the internal fragments of H6N6 can be also divided into the early branch and modern branch according to time.
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FIGURE 3
 Temporal distribution of the H6-subtype influenza virus. (A) Root-to-tip regression analyses. Plots of the root-to-tip genetic distance against sampling time were shown for phylogenies estimated from 2063 HA gene sequences. (B) Stepping-stone estimation approaches were used to assess the best fitting model through marginal likelihood estimation. (C) Path-sampling estimation approaches were used to assess the best fitting model through marginal likelihood estimation. (D) The Bayesian skyline plot was based on the individuals infected by H6NX-subtype AIVs. (E) Maximum clade credibility tree of HA gene. The MCC tree was constructed by BEAST (v2.6.6) with GTR + G distribution nucleotide substitution model, relaxed molecular clock, the tree prior was Coalescent: Bayesian Skyline and 4 × 108 total chain length, sample every 1,000 steps.




Reassortment analysis of the H6N6-subtype AIVs

A total of 37 HXN6 genome sequences were collected from GenBank (Supplementary Table S3). The results of reassortment analysis showed that the H6N6-subtype AIVs and H5N6-subtype AIVs recombined frequently (Figure 4A). To explore the reassortment events in ZJ49 isolates, we integrated the sequences that were genetically close to ZJ49 for reassortment prediction. The Simplot results showed that the full genomes sequences of ZJ49 had the highest similarity to the H6N6-subtype AIVs, but the PB2 and PA genes were closer to A/chicken/Zhejiang/194/2016 (H5N2) and the NA gene was closer to A/duck/Guangdong/GD01/2014(H5N6; Figure 4B). Among the RDP detection methods, there were 7 methods (RDP, GENECONV, 3Seq, Chimaera, SiScan, MaxChi, and BootScan) that also can detect the reassortment of ZJ49 (Figure 4C). The results showed that the ZJ49 isolate underwent genetic reassortment with the Major Parent A/duck/Guangdong/GD01/2014(H5N6) and the Minor Parent A/chicken/Zhejiang/194/2016 (H5N2). This result was consistent with the above result showed in Figure 4B. In conclusion, there was a high possibility that the ZJ49 gene recombined with the H5-subtype AIVs.
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FIGURE 4
 Reassortment analysis on concatenated H6N6 virus genomes. (A) ML phylogenetic trees inferred for HXN6-subtype AIVs HA and NA using RAxML under the general time-reversible substitution model with gamma-distributed rates across sites. In total, 1,000 bootstraps were evaluated to assess support values. (B) Reassortment analysis was performed using Simplot (v.3.5.1). The H6N6 group mainly included the following strains: A/duck/Jiangxi/10.30_NCNP67B3-OC/2017 (H6N6), A/duck/Ganzhou/GZ151/2016 (H6N6), A/chicken/Hunan/1.12_YYGK22H3-OC/2018 (H6N6), A/environment/Jiangxi/2.06_SRXZJG016-E/2017 (H6N6), A/duck/Hunan/2.06_YYGK86J3-OC/2018 (H6N6), and A/duck/Hunan/2.06_YYGK73J3-OC/2018 (H6N6). (C) Reassortment analysis was performed using RDP (v.5.5).




Molecular characterization of the H6N6-subtype AIVs

The length of the ZJ49 HA coding region was 1701 bp, encoding a total of 566 amino acids. The HA trimer projects of ZJ49 can be divided into two domains: the membrane-distal globular domain and the membrane-proximal stem domain (Figure 5A). The results of amino acid variation sites of the HA gene of all H6N6-subtype AIVs were shown in Supplementary Table S5. The result showed that the mutation rate of the G228 site of H6N6-subtype AIVs was 0.95%. Moreover, strains isolated from pigeon, swine, and duck have G228S mutant sites. H6N6-subtype AIVs had a high mutation rate (28.44%) at the A222 site, of which the mutation rate from A to V was 8.40%. The mutation rate of A222V was 15.91% before 2010, 31.82% from 2011 to 2015, and 52.27% after 2015. Moreover, strains isolated from pigeons and swine, and some strains from chickens and ducks have A222V mutant sites. Sequencing by NGS showed that the nucleotide of 222 site of HA gene of ZJ49 mutated from GCT t-o GTT, namely A222V mutation exsists (data not shown). The G228S and A222V played an important role in the cross-species transmission of the H6N6-subtype AIVs. However, there were no corresponding mutations at 190 and 225 sites, which were cross-species related to H6-subtype AIVs. In the newly isolated ZJ49 strain, the E190 site was located on 190-helix, and the V222, G225, G228 sites were all located on 220-loop, except for the mutation from A to V at site 222, the other sites associated with H6 receptor-binding properties were not mutated (Figure 5B). The avian α2, 3-linked SA receptor of ZJ49 adopted a trans conformation, and the glycan rings interacted with the 220-loop of HA (Figure 5D). HAs had a total of five potential glycosylation sites on each monomer (NSTT, NVTV, NKTF, NGTY, NGSM), at HA1 11 (NSTT), 23 (NVTV), 290 (NKTF), HA2 154 (NGTY), and 213 (NGSM). In the structures, four glycans on the stem domain were found, which were 11, 23, 290 sites on HA1 and 154 sites on HA2 (Figure 5C).
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FIGURE 5
 Molecular characterization of the H6N6-subtype AIVs. (A) The crystal structure of the ectodomain of haemagglutinin (HA) reveals two distinct domains: the globular domain and the stem domain. Each monomer is represented by pink, green, and blue, respectively. (B) Three secondary structural elements (in white color) and the sites associated with H6 receptor-binding properties (in orange color). (C) N-glycosylation sites (in red color). (D) The H6N6 HA receptor analogue (α2, 3-linked sialylated glycan receptor). Sialylated glycans of the host receptors that influenza viruses bind to contain the three-terminal saccharides: the terminal sialic acid SA1, the galactose ring Gal2 (at position two relative to SA), and N-acetylglucosamine GlcNAc3 (at position three relative to SA).





Discussion

The H6-subtype AIVs are widespread in poultry, with a host range extending to mammals such as swine and even human. In recent years, 11 duck samples were infected with H6N6-subtype AIVs in 2017 in Vietnam (Tran et al., 2020). Cui et al. reported that 83 H6 AIVs were isolated from poultry farms between 2014 and 2018 in China, including 38 strains from ducks, 13 from farm environment, and two from geese. These H6 viruses have undergone frequent reassortment, resulting in the formation of 19 different genotypes (Cui et al., 2021). In September 2019, an H6N6-AIV (KNU2019-48) was isolated in South Korea, which was the first reported AIV in Korea. In fact, the H6-subtype viruses had co-circulated in China, Vietnam, and Korea for half a decade (Durairaj et al., 2022). Therefore, the monitoring and prevention of the H6-subtype AIVs, especially H6N6 subtype, should not be taken lightly.

According to the phylogenetic analysis of the HA gene, all H6-subtype AIVs were classified into the gene pools of the Americas and Eurasia. The Eurasian lineage was further divided into three major groups (I, II, and III), ST339-like, ST2853-like, HN573-like (Huang et al., 2010). Our results show that the H6-subtype AIVs were mainly prevalent in the Eurasian continent, and mainly concentrated in China. The ducks were the main host of the H6-subtype AIVs. The evolutionary tree of the 8 segments can be divided into two major branches, namely the Eurasian branch and the North American branch. ST339-like, W312-like, ST2853-like, HN573-like branches are located in G9, G11, G12, and G13 groups. The W312-like branch was closer to the ST2853-like branch, the HN573-like and Taiwan branch was in the same group, and they all evolved from the ST339-like branch and the above results were consistent with previous reports (Zou et al., 2016). In this paper, a new H6N6 strain (ZJ49) was isolated from chickens in Zhejiang Province, China in November 2021. This ZJ49 isolate was located in the G12 group where the ST2853-like branch was also clustered in this group. In recent years, the G12 group became dominant wordwide.

The H6-subtype AIVs spread from North America to Eurasia around 1976. The effective quantity size increased around 1990, reached a peak around 2015, declined after 2015, then kept in a stable level after 2018. However, newly isolated virus strains had been found in China, Vietnam, South Korea and other places. Whether H6-subtype AIV will cause a large-scale re-epidemic in poultry in above mention countries beside North America and Eurasia is unclear. Therefore, it’s important to continuously monitor the genetic characterization and evolution of H6-subtype AIVs to get better control of their epidemic.

The high mutation rate of amino acids enabled AIVs to evolve rapidly, thereby helping them overcome host barriers. Antigenic shift and antigenic drift were two major kinds of antigenic variation occurring in AIVs. Antigenic shift was a result of the reassortment of viral genome segments. To overcome selective pressures and get a better adaptation to the new environments or hosts, the homologous RNA reassortments within segments produced a diverse subtype in most viruses (He et al., 2009; Lam et al., 2013; Ge et al., 2017; Wei and Li, 2018). The H6-subtype AIVs were characterized as LPAIVs, but the reassortment with other influenza virus subtypes may result in the emergence of HPAIVs (Bi et al., 2016; Li et al., 2019). According to the report, A/duck/Guangdong/GD01/2014 was a strain of HPAIV and its NA gene was clustered with some H6N6 viruses circulating in China (Shen et al., 2015). Our results showed that the H6N6-subtype AIVs and H5N6-subtype AIVs recombined frequently. The reassortment analysis predicted that the PB2, PA, and NA genes of ZJ49 were more similar to H5-subtype AIVs. It provided the possibility for H6-subtype AIV recombining with highly pathogenic viruses.

HA protein was a homotrimer, with each monomer containing two polypeptide chains, HA1 and HA2. The receptor-binding site formed a shallow pocket at the tip of the globular domain and comprised three secondary structural elements and one base element (Gamblin and Skehel, 2010). The three secondary elements, namely the 130-loop, the 190-helix, and the 220-loop, formed the edges of the receptor-binding site, and four highly conserved residues (Y98, W153, H183, Y195) formed the base (the numbers correspond to the amino acids in the H3 subtype; Shi et al., 2014). HA proteins exhibited specific binding affinities for the different SA-linked glycoproteins. AIVs preferentially bond to SA-linked terminal oligosaccharides by an α2, 3-linked SA receptor (which is referred to as the avian receptor), whereas human strains favored the α2, 6-linked SA receptor (which is referred to as the human receptor; Shi et al., 2014). Specific amino acid mutations in HA led to a change in receptor-binding preference and thus altered host specificity and tropism of AIVs. The E190V, A222V, G225D, and G228S substitutions of H6-subtype were important to acquire the human receptor-binding capacity (Wang et al., 2015; de Vries et al., 2017; Sun et al., 2017). Our results showed that H6N6-subtype AIVs had a high mutation rate at the A222V site. The ZJ49 strain had no mutations at the E190, G225, and G228 sites, but the A222 site was mutated from A to V leading to a potential risk of its spreading across species. The addition of glycans to the HA was thought to be an important mechanism contributing to antigenic drift (Schulze, 1997; Abe et al., 2004). Oligosaccharides attached to the stem/stalk region of the viral HA tend to be conserved across different viruses strains, whereas those ones attached to the globular head displayed considerable variation in both number and location (Wagner et al., 2000). Glycans in the stalk region were critical for fold and conformation of the HA molecule, while the trimerization, folding, transport of HA to the cell surface, and the sensitivity of HA to changes in pH were impaired by removing these sites from the stalk (Daniels et al., 2003; Tate et al., 2014). According to the three-dimensional structure of this isolate, four conserved glycosylation sites were found in the stem of HA performing less impact on the fold and conception of HA structure.



Conclusion

This is a study that broadens the knowledge of H6-subtype AIVs from genetic evolutionary, reassortment, and mutations of receptor binding sites. Continuous monitoring and molecular characterization of the H6-subtype AIVs, especially H6N6 subtype, will be required for a better understanding of the evolutionary dynamics of the virus, which can further assist in improving control measures for the diseases.
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Transcription and replication of the influenza A virus (IAV) genome take place in the nucleus of infected cells, which rely on host factors to aid viral ribonucleoprotein (vRNP) to cross the nuclear pore complex (NPC) and complete the bidirectional nucleocytoplasmic trafficking. Here, we showed that nucleoporin 85 (NUP85), a component of NPC, interacted with RNP subunits polymerase basic 1 (PB1) and polymerase basic 2 (PB2) in an RNA-dependent manner during IAV infection. Knockdown of NUP85 delayed the nuclear import of vRNP, PB1 and PB2, inhibiting polymerase activity and ultimately suppressing viral replication. Further analysis revealed that NUP85 assisted the binding of PB1 to nuclear transport factor Ran-binding protein 5 (RanBP5) and the binding of PB2 to nuclear transport factor importin α1 and importin α7. We also found that NUP85 expression was downregulated upon IAV infection. Together, our study demonstrated that NUP85 positively regulated IAV infection by interacting with viral PB1 and PB2, which may provide new insight into the process of vRNP nuclear import and a novel target for effective antivirals.
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Introduction

Influenza A virus (IAV) belongs to the family Orthomyxoviridae and represents important pathogens of humans and animals. IAV has caused the yearly epidemics and multiple pandemics over the past century. Thus, it poses a massive threat to public health and results in significant economic losses (Taubenberger and Morens, 2008; Neumann et al., 2009; Taubenberger et al., 2019). Influenza A virus is a single- and negative-stranded RNA virus with eight RNA segments (PB2, PB1, PA, NP, HA, NA, M, and NS). Each viral RNA (vRNA) segment is encapsidated by multiple nucleoprotein (NP) molecules and is also associated with a single, trimeric polymerase complex that comprises polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2), polymerase acidic protein (PA). Each subunit of vRNA–NP–polymerase is referred to as a viral ribonucleoprotein (vRNP) complex (Eisfeld et al., 2015; Te Velthuis and Fodor, 2016).

The transcription and replication of the IAV genome are performed by the viral RNA-dependent RNA polymerase that is compacted into the vRNP complex. The vRNP complex plays a crucial role in the viral life cycle, viral genome replication, and expression (Noda and Kawaoka, 2010; Resa-Infante et al., 2010; Moeller et al., 2012; Eisfeld et al., 2015). Unlike many other single-stranded RNA viruses, for which the replication cycle is confined to the cytoplasm, influenza viral RNA synthesis takes place in the host cellular nucleus. After viral entry and release of eight vRNPs into the cytoplasm, the vRNPs are transported into the nucleus for the primary transcription and replication that results in the production of both viral messenger RNAs (mRNAs) and complementary RNAs (cRNAs) that serve as templates for vRNAs production. Then the mRNAs are exported into the cytoplasm for protein translation in ribosomes. The newly formed viral proteins, such as PB2, NP monomers, and PA-PB1 heterodimers, traffic back into the nucleus for genome replication and progeny RNPs production. With the assistance of M1 and NEP proteins, progeny vRNPs are exported to cytoplasm and subsequently transported into the cell membrane for the progeny virions assembly and budding. Finally, the released progeny virions infect adjacent cells for a new life cycle (Eisfeld et al., 2015; Peacock et al., 2019).

Due to the limited genome capacity, vRNPs rely on host factors to traffic in and out of the nucleus for efficient viral genome transcription and replication. Following viral entry, internalization, and release of vRNP in the cytoplasm, vRNPs were transported into the nucleus through the nuclear pore complex (NPC) by importin-α:β heterodimer (O'Neill et al., 1995). Importin-α recognizes the nuclear localization sequences (NLSs) on NP and associates with importin-β (Gorlich et al., 1995; Wu et al., 2007; Wu and Pante, 2009). After primary transcription and translation, newly formed polymerase subunits need to form a catalytically active hetero-trimer in the nucleus. It has been shown that newly synthesized PB2 enters into the nucleus by its NLS binding of importin-α isotypes, such as importin-α1 (IMP-α1), importin-α3 (IMP-α3), importin-α5 (IMP-α5), and importin-α7 (IMP-α7) (Resa-Infante et al., 2008), and PA and PB1 translocate to nucleus by the binding of β-importin Ran-binding protein 5 (RanBP5; also known as importin-5 and karyopherin-β3) (Deng et al., 2006). Factors that affect the nuclear import of ribonucleoprotein (RNP) tend to have effects on viral replication, such as Heat Shock Protein 90 (HSP90) (Naito et al., 2007b), Phospholipid scramblase 1 (PLSCR1) (Luo et al., 2018), translation elongation factor 1 delta (eEF1D) (Gao et al., 2020), and LYAR (Yang et al., 2018).

Besides, the transportation of vRNP relies on the host nuclear machineries. NPC is a part of nuclear machinery, and its function coordinates the bidirectional transport of macromolecules between the cytoplasm and nucleus (Terry and Wente, 2007; Lim et al., 2008; Hampoelz et al., 2019; Lin and Hoelz, 2019). It is composed of multiple copies of ~30 different proteins termed nucleoporins (NUPs) to form a basket-like structure (Beck and Hurt, 2017). Nucleoporins have also been reported to play roles in influenza virus replication, such as NUP98, NUP93, NUP214, and NUP153 (Satterly et al., 2007; Muhlbauer et al., 2015; Furusawa et al., 2018; Li et al., 2020; Senbas Akyazi et al., 2020). As a part of the Nup107-160 complex, NUP85 (also known as FROUNT) is required for NPC assembly and maintenance (Harel et al., 2003). It has been found to interact with HIV Tat protein in the cellular nucleus (Brass et al., 2008; Gautier et al., 2009), be involved in inflammation (Terashima et al., 2020), be associated with the chemokine receptor CCR2 and CCR5 to regulate chemokine signaling (Zannettino et al., 2008; Toda et al., 2009, 2014) and tumor progression (Terashima et al., 2020). However, the association of NUP85 with influenza virus infection and its role in influenza virus replication and its mechanisms have not been investigated.

In this study, we found that NUP85 interacted with IAV PB1 and PB2 proteins. Meanwhile, the knockdown of NUP85 delayed the nuclear transportation of vRNP, hindered IAV polymerase activity, and significantly hampered the replication of various subtypes of influenza viruses. Further investigation indicated that NUP85 facilitated the nuclear import of vRNP by assisting the interactions of PB1 with nuclear transporter factor RanBP5, and PB2 with nuclear transporter factor IMP-α1 and IMP-α7. We also found that NUP85 mRNA and protein levels were reduced in A549 cells upon IAV infection. Our results strongly demonstrate that NUP85 is a host factor essential for influenza A virus infection.



Materials and methods


Cells and viruses

Human alveolar adenocarcinoma epithelial (A549) cells, human embryonic kidney (HEK 293 T) cells, and Madin–Darby canine kidney (MDCK) cells were used in this study. A549 cells, MDCK cells and HEK 293 T cells were cultured in Ham’s F-12 medium, Dulbecco’s modified Eagle’s medium (DMEM), and minimum essential medium (MEM), respectively. The media were purchased from Thermo Fisher (Waltham, MA, United States), and were supplemented with 10% fetal bovine serum (FBS; ExCell Biology, shanghai, China), 100 U/ml penicillin, and 0.1 mg/ml streptomycin. All cells were cultured at 37°C in a 5% CO2 humidified incubator.

The IAVs used in experiments were Influenza A/Puerto Rico/8/1934 (H1N1), A/Zhejiang /163/2020 (H3N2), and A/swine/Jiangsu/C1/2008 (H9N2). All the viruses were propagated in 10-day-old specific-pathogen-free (SPF) chicken embryos, and viral titers were determined by calculating TCID50 per milliliter using the Reed–Muench method in MDCK cells.



Antibodies and reagents

Antibodies used for Western blot, immunoprecipitation, and indirect immunofluorescence were anti-NUP85 rabbit polyclonal antibody (catalogue No. 19370-1-AP, Proteintech, Rosemont, United States), anti-Flag mouse monoclonal antibody (catalogue No. 66008-3-Ig, Proteintech, Rosemont, United States), anti-IAV NS1 rabbit polyclonal antibody (catalogue No. GTX125990, GeneTex, CA, United States); anti-HA rabbit polyclonal antibody (catalogue No. 51064-2-AP, Proteintech, Rosemont, United States), anti-GAPDH mouse monoclonal antibody, goat anti-rabbit HRP and goat anti-mouse HRP (catalogue No. FD0063, FDR007, and FDM007, FD bio, Hangzhou, China), Tritc Conjugated goat mouse polyclonal antibody (catalogue No. HA1017, HuaBio, Hangzhou, China), anti-Histone H3 mouse monoclonal antibody (catalogue No. EM30605, HuaBio, Hangzhou, China) and Alexa Fluor 488 conjugated goat rabbit polyclonal antibody (catalogue No. HA1121, HuaBio, Hangzhou, China), Anti-Flag M2 beads (Sigma, MO, United States) and DAPI (Beyotime, Shanghai, China).



Plasmids, small interfering RNAs and transfection

The nucleic acid for wild-type NUP85 (Nucleoporin 85, GenBank accession No. NM024844.5), RanBP5 (IPO5 importin 5, GenBank accession No. NM002271.6), and the full-length open reading frames (ORFs) of human importin α1 (GenBank accession No. BC005978.1), importin α3 (GenBank accession No. AK291041), importin α5 (GenBank accession No. CR456743.1), and importin α7 (GenBank accession No. AF060543) were obtained from the A549 cells by RT-PCR and subsequently subcloned into eukaryotic expression vector pCMV-HA at EcoRI and KpnI sites, respectively. The PA (GenBank accession No. CY147539), PB1 (GenBank accession No. CY147540), PB2 (GenBank accession No. CY147541), and NP (GenBank accession No. CY147537) of the PR8 H1N1 virus were amplified from viral supernatant and cloned into the vector pCMV-Flag at HindIII and KpnI sites, respectively. All plasmid constructs were confirmed by sequencing.

Small interfering RNAs targeting NUP85 (siRNA1 and siRNA2) and a validated negative control siRNA (NC siRNA) were purchased from GenePharma (Shanghai, China). The knockdown efficiency was examined by qRT-PCR. The primer sequences of PCR for plasmids construction are listed in Table 1, and the sequences for siRNAs are listed in Table 2.



TABLE 1 List of primers used for PCR in this study.
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TABLE 2 List of sequences for siRNAs used in this study.
[image: Table2]

Transfection of Plasmids and siRNAs to HEK293 cells was performed using GeneTwin (Biomed, Beijing, China), DMEM medium without serum and antibiotics. Briefly, plasmids, siRNAs, and GeneTwin were diluted to equal volumes with DMEM and incubated for 5 min at room temperature. The diluted GeneTwin and the diluted DNA (or RNA) were mixed and incubated for 10 min at room temperature, and then the mixture was added to the cells. Transfection of siRNA in A549 cells was mediated by jetPRIME (Polyplus, California, United States) according to the manufacture’s instruction. Four hours post-transfection, transfection reagents were replaced with medium containing 10% FBS.



Virus infection and titration

When the A549 cells in 12-well plates grew to ~95% confluent monolayer, the cell culture medium was withdrawn, and the cells were washed twice with phosphate-buffered saline (PBS). Then viruses in the viral growth medium, which is the medium supplemented with 2% BSA (Sigma, MO, United States) and 2 μg/ml of tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (Sigma, MO, United States), were inoculated in the cells at indicated MOIs. After adsorption at 37°C for 1 h, the inoculum was removed and replaced with a viral growth medium. And viral supernatants were harvested at the indicated time points post-infection.

To measure the viral titers in the supernatant, we plated MDCK cells in 96-well plates and let them grow to 90%–95% confluence overnight. The supernatant was diluted serially in MEM supplemented with 2% BSA and 2 μg/ml of TPCK-trypsin and inoculated into the cells with PBS washed twice. The IAV-induced cytopathic effect (CPE) was monitored for 24–96 h. TCID50 was then calculated by the Reed-Muench formula.



RNA isolation and qRT-PCR

A two-step real-time quantitative RT-PCR was used to examine specific mRNA levels. Cells were lysed for quantitative reverse transcription-PCR (qRT-PCR), and total RNA was extracted according to the manufacturer’s instructions (Easy-do Bio, Zhejiang, China). Reverse transcription was carried out with HiScript Q Select RT SuperMix for qPCR (+gDNA wiper; Vazyme, Nanjing, China). To detect the viral NP mRNA, we used oligo(dT) primer for the reverse transcription. And to detect the viral NP cRNA and vRNA, we used primer specifically targeting IAV H9N2 JSC1 cRNA and vRNA for reverse transcription. Quantitative PCR was performed using ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China), and run on an Mx3005P quantitative PCR system(Agilent, California, US). The primers of RT-PCR were designed using PrimerQuest Tool. The sequences of primers for qRT-PCR are listed in Table 3. Each gene was amplified in triplicate, and the mean threshold (Ct) values were calculated. GAPDH was used for normalization in gene expression analysis. Relative fold changes in gene expression among groups were determined using the 2−ΔΔCt method.



TABLE 3 List of primers for qRT-PCR assay in this study.
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Western blot assay

Cells were collected and washed with PBS and then lysed with RIPA lysis buffer (Beyotime, Shanghai, China) containing Phenylmethanesulfonylfluoride (PMSF, Beyotime, Shanghai, China). The cell lysates were centrifuged at 12,000 g for 10 min at 4°C, and the supernatant was collected, then added with SDS-PAGE sample loading buffer (Beyotime, Shanghai, China) and boiled for 10 min. Equal amounts of protein samples were subjected to SDS-polyacrylamide gel (FD Bio, Hangzhou, China) electrophoresis and transferred to PVDF membrane (Millipore, Darmstadt, Germany). The membrane was probed with various primary antibodies as indicated and detected using the ECL system (Beyotime, Shanghai, China and Thermo Fisher, Massachusetts, United States) with alkaline phosphatase-conjugated secondary antibodies according to the manufacturer’s protocol.



Cell viability assay

To detect the effect of NUP85 silencing on cell proliferation, we measured the cell viability of A549 cells transfected with NUP85 siRNA1 or NC siRNA by Cell Counting Kit-8 (CCK-8) activity according to the manufacturer’s instructions (APE Bio, Texas, United States). In brief, different amounts of cells in 96-well plates were transfected with NUP85 siRNA1 or NC siRNA, and cell viability was measured at 36 h post-transfection. The CCK-8 reagent was added to each well of the 96-well plates, and cells were incubated at 37°C for 2 h; the absorbance at 450 nm was measured by a microplate reader (Bio-Tek, Vermont, United States).



Minigenome assay

The minigenome assay was performed as described previously (Zhou et al., 2011). We firstly knocked down NUP85 expression by small interfering RNAs treatment for 24 h, and then we transfected HEK293T cells with 0.2 ug of pPoll-NS-luc plasmid that contains the firefly luciferase gene flanked by the non-coding regions of influenza nonstructural (NS) gene segment and 0.5 ug of each of the reverse genetic plasmids encoding PR8 PB2, PB1, PA, and NP by using 30 ul transfection reagent (GeneTwin). Simultaneously, 50 ng of the Renilla luciferase plasmid pRL-TK (Promega) was co-transfected as a transfection efficiency control. At 24 and 48 h post-transfection, the relative polymerase activity (firefly normalized to Renilla) was measured using the dual-luciferase assay kit (Vazyme, Nanjing, China) according to the manufacturer’s instructions. The polymerase activity in the cells co-transfected with NC siRNA was set as 100%, and the activity in the cells co-transfected with NUP85 siRNA was determined relative to that in cells with NC siRNA. The results shown are from three independent experiments performed in triplicate.



Indirect immunofluorescence assay and confocal microscopy

A549 cells were grown on coverslips to 50% confluence and were transfected with 2 μg of small interfering RNAs. After 24 h, cells were infected with an indicated influenza A virus for 3, 6, and 9 h. Then, cells were fixed with 4% paraformaldehyde (PFA) at 4°C overnight. The next day, cells were washed with PBS three times and permeabilized using 0.2% (vol/vol) Triton X-100 for 15 min, then blocked with 2% (wt/vol) bovine serum albumin (BSA) in PBS for 2 h. Coverslips were incubated with specific antibodies for NUP85 and NP at 4°C for 2 h. After washing with PBS, cells were incubated with indicated Alexa Fluor conjugated secondary antibodies for 2 h at room temperature. After washing the secondary antibodies, nuclei were stained with DAPI for 15 min at room temperature. These samples were observed by confocal microscope (IX81-FV1000; Nikon, Tokyo, Japan) after washing with PBS three times.



Immunoprecipitation and RNase treatment

HEK293T cells were transfected with the 4 μg of small interfering RNAs for 24 h, and then the cells were transfected with 4 μg plasmids encoding the RNP subunits using GeneTwin (Biomed, Beijing, China) according to the manufacturer’s instructions. After 24 h transfection, the cells were lysed with RIPA lysis buffer (Beyotime, Shanghai, China) with Phenylmethanesulfonylfluoride (PMSF, Beyotime, Shanghai, China) supplement. Then the supernatant was collected and used to set up immunoprecipitation assay. For RNase treatment, 100 μg/ml RNase was added to the cell lysate, and the mix was incubated at 37°C for 45 min. Cell extracts were mixed with anti-Flag M2 Magnetic Beads (Sigma, MO, United States) and incubated at 4°C for overnight. The next day, the beads were washed thrice with PBS, and protein-antibody complexes were eluted in buffer (20 mM Tris; 150 mM NaCl; 0.15% HCl; 0.05% Tween). The immunoprecipitated proteins and remaining cell lysates were separated on SDS-PAGE followed by transferring to nitrocellulose for Western blot.



Nuclear and cytoplasmic protein fractionation

HEK293T cells treated with small interfering RNAs for 24 h were transfected with Flag-PB2 or co-transfected with Flag-PB1 and PA plasmids using GeneTwin (Biomed, Beijing, China) according to the manufacturer’s instructions. After 24 h post-transfection, cells were harvested with PBS and collected by centrifugation at 1,000 rpm for 5 min. Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China) was used to prepare nuclear and cytoplasmic lysates. For protein isolation, the whole lysates and the cytoplasmic and nuclear fractions were added with SDS-PAGE sample loading buffer (Beyotime, Shanghai, China) and boiled for 10 min, followed by Western blot analysis.



Cytoplasmic and nuclear RNA fractionation

HEK293T cells treated with small interfering RNAs for 24 h were infected with influenza A viruses. At 6 and 12 h post-infection, cells were collected and washed with PBS three times and then lysed with 0.5% Nonidet P-40 (Sangon Biotech, Shanghai, China) containing RNase Inhibitor and DL-Dithiothreitol (Beyotime, Shanghai, China). The cell lysates were centrifuged at 12,000 g for 5 min at 4°C. The supernatant was collected for cytoplasmic RNA extraction and the precipitate was collected for nuclear RNA extraction.



Statistical analysis

All data were expressed as mean ± standard deviation (SD) from at least three independent experiments. The statistical analyses were performed with a two-tailed Student’s t-test and a two-way ANOVA test. Differences between groups were considered significant if p < 0.05 (indicated with *), highly significant if p < 0.01(indicated with **) and extremely significant if p < 0.001 (indicated with ***).




Results


Knockdown of NUP85 suppresses IAV replication

Previous analysis has shown that NUP85 potentially plays a role in influenza virus replication (Li et al., 2020). To determine the role of NUP85 during IAV infection, we applied small interfering RNAs (siRNA) to knockdown NUP85 in A549 cells. Firstly, we confirmed the knockdown efficiency by measuring the NUP85 mRNA level by qRT-PCR. As shown in Figure 1A, expression of NUP85 in the A549 cells that were transfected with two different siRNAs targeted to NUP85 (NUP85 siRNA1 and NUP85 siRNA2) was reduced by 70% ~ 80% as compared to the cells that were transfected with negative control RNAi (NC siRNA) at 6 h post-transfection (h.p.t.). The silencing efficiency went down over time as the degradation of siRNA happened in the cells, but still, the NUP85 expression level was reduced by 40 ~ 70% of control cells at 12 and 24 h.p.t. (Figure 1A). We selected the NUP85 siRNA1, whose silencing efficiency was a little higher than NUP85 siRNA2 for the following experiments. Also, the cell viability was measured by Cell Counting Kit-8 (CCK-8) assay, and the results showed that knockdown of NUP85 by NUP85 siRNA transfection does not have a cytotoxic effect on A549 cells (Figure 1B).

[image: Figure 1]

FIGURE 1
 NUP85 knockdown suppresses IAV replication. (A) The silencing efficiency of NUP85-specific siRNAs. A549 cells were transfected with two individual siRNAs targeted to NUP85 (NUP85 siRNA1 and NUP85 siRNA2) or non-target siRNA as negative control (NC siRNA), and the cells were harvested for RNA isolation at 3, 6, 12, and 24 h.p.t., followed by qRT-PCR to detect the relative expression level of NUP85. (B) The effect of NUP85 siRNA1 on A549 cell viability. Indicated numbers of A549 cells were transfected with NUP85 siRNA1 and NC siRNA for 36 h.p.i. Cell viability was measured by Cell Counting Kit-8 (CCK-8) assay. (C,E,G) The effect of siRNA on the expression of IAV NS1 protein. A549 cells were transfected with NUP85 siRNA and NC siRNA and then infected with H1N1 PR8, H3N2 HZ163, and H9N2 JSC1 (MOI = 0.1). Whole cell lysates were collected at the indicated time points and subjected to Western blot to detect the NUP85 and viral NS1 protein levels. GAPDH was used as an internal control. Images are from one of three independent experiments. (D,F,H) A549 cells were transfected with NUP85 siRNA and NC siRNA and then infected with influenza A virus JSC1, PR8 and HZ163 (MOI = 0.01). Cell supernatants were harvested at 3, 6, 12, 24, and 36 h.p.i. Virus titers were determined by TCID50 assay on MDCK cells. Data are mean ± SD of three independent experiments. Significance is calculated by unpaired T-test; *indicates p < 0.05; **indicates p < 0.01; *** indicates p < 0.001.


To examine the function of NUP85 during virus replication, we infected A549 cells with influenza virus A/Puerto Rico/8/1934 (H1N1) (PR8), A/swine/Jiangsu/C1/2008 (H9N2) (JSC1), A/Zhejiang/163/2020 (H3N2) (HZ163) after NUP85 siRNA or NC siRNA transfection. Samples were collected at 0, 3, 6, 12, 24, and 36 h post-infection (h.p.i.), and Western blot was performed to detect viral NS1 protein in the infected cells. The result showed much less viral NS1 protein was detected in the cells with NUP85 siRNA treatment compared with NC siRNA treatment at different time points post-infection by three different strains of viruses (Figures 1C,E,G). To further confirm the impact of NUP85 knockdown on IAV replication, we determined the growth kinetics of H1N1 PR8, H3N2 HZ163, and H9N2 JSC1 in NUP85 siRNA- or NC siRNA-treated A549 cells. Supernatant samples were collected at 3, 6, 12, 24, and 36 h.p.i., and the viral titers were examined by 50% tissue culture infective dose (TCID50) assay in MDCK cells. The results showed that the viral loads of H1N1 PR8, H3N2 HZ163, and H9N2 JSC1 were significantly decreased in NUP85 siRNA-treated cells compared to NC siRNA-treated cells (Figures 1D,F,H). Taken together, these results showed that the knockdown of NUP85 suppressed IAV replication.



Knockdown of NUP85 inhibits polymerase activity and suppresses RNA synthesis during IAV infection

IAV uses an RNA-dependent RNA polymerase (RdRp) compacted into RNP to transcribe and replicate its RNA genome. To investigate whether deduction of viral replication in NUP85 knockdown cells would result from the decreased polymerase activity, we performed a well-established mini-replicon assay to examine the effect of NUP85 on the polymerase activity of the H1N1 PR8 virus (Lutz et al., 2005). In the assay, HEK293T cells treated with NUP85 siRNA or NC siRNA were transfected with plasmids encoding RNP subunits PB1, PB2, PA, and NP, as well as a Poll-driven RNA expression plasmid encoding the firefly luciferase gene which was franked by viral NS non-coding sequences. The experiment showed that knockdown of NUP85 resulted in an approximately 55% reduction in the polymerase activity at 24 h.p.t. and ~40% reduction in the polymerase activity at 48 h.p.t. compared with control. The lowered deduction of polymerase activity at 48 h.p.t. may result from the decreased silencing efficiency along with the degradation of the interfering RNA (Figure 2A). The result indicates that NUP85 silencing reduces viral polymerase activity, thereby inhibiting IAV replication.
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FIGURE 2
 Knockdown of NUP85 inhibits polymerase activity and suppresses RNA synthesis during IAV infection. (A) HEK293T cells treated with NUP85 siRNA or NC siRNA were transfected with vRNP reconstitution plasmids together with Renilla plasmids. Luciferase activities were measured at 24 and 48 h.p.t., and Renilla luciferase was used as an internal control. (B–D) A549 cells were transfected with NUP85 siRNA and NC siRNA for 24 h and then infected with influenza A virus JSC1 (MOI = 2). Cells were harvested for RNA isolation at 3, 6, and 9 h.p.t., followed by qRT-PCR to detect vRNA, cRNA and mRNA relative expression level of NP. The viral RNA levels were normalized to the 18S rRNA level. Data are mean ± SD of three independent experiments. Significance is measured by unpaired T-test; ** indicates p < 0.01. *** indicates p < 0.001.


To further determine whether NUP85 knockdown affected viral genome replication, A549 cells were transfected with the NC siRNA and NUP85 siRNA, followed by infection of H9N2 JSC1 at an MOI of 2. Cells were collected, and viral RNAs were examined at 3, 6, and 9 h post-infection. The levels of viral RNAs (vRNA, cRNA, and mRNA) were considerably lower in the NUP85 siRNA-treated cells than those in NC siRNA-treated cells (Figures 2B–D). The results indicated that NUP85 is essential in viral RNA synthesis.



Knockdown of NUP85 hinders the vRNP import into nucleus

Transcription and replication of influenza A viral gene happen in the nucleus, so the nuclear import of vRNP is pivotal to the transcription and replication of influenza A viral gene. We hypothesized that NUP85 knockdown might affect the nuclear import of vRNPs in A549 cells. Viral NP is a major component of the vRNP complex, and it mediates the nuclear import of the vRNP complex via its nuclear localization signals (NLSs) (Naito et al., 2007a; Kawaguchi et al., 2011; Luo et al., 2018). We examined the cellular distribution of vRNP by imaging viral NP in A549 cells. A549 cells treated with NUP85 siRNA or NC siRNA were infected with H9N2 JSC1, and then viral NP and nucleus were stained to display the vRNP subcellular localization by immunofluorescence microscopy. In NC siRNA-treated cells, NP had clearly accumulated exclusively in the nucleus of approximately 45% of cells, and it accumulated both in the nucleus and cytoplasm of roughly 40% of cells at 3 h.p.i., and then it was predominantly located in the nucleus (81% of the cells) at 6 h.p.i. (Figures 3A,B). While none of the cells treated with NUP85 siRNA had NP exclusively localized in the nucleus at 3 h.p.i., and most NP was still distributed in the cytoplasm at the time point. At 6 h.p.i., the percentage of exclusive nuclear localization of viral NP in the NUP85 knockdown cells decreased over 20% compared with control cell (Figures 3A,B). After the primary transcription of the viral genes, the newly synthesized RNP subunit mRNA was exported from the nucleus to the cytoplasm for protein translation to form more RNPs (Matsuoka et al., 2013). At a later stage (9 h.p.i.), NP started to re-localization into the cytoplasm in NC siRNA-treated cells, but it still predominantly localized in the nuclear in the NUP85 siRNA-treated cells. These results suggest that knockdown of NUP85 hinders the nuclear import of vRNP, which leads to decreased polymerase activity and reduced viral replication.
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FIGURE 3
 Knockdown of NUP85 inhibits the nuclear import of vRNP. (A) Confocal microscopy analysis of the nucleocytoplasmic distribution of vRNP in virus-infected NUP85 knockdown cells. A549 cells were treated with NUP85 siRNA or NC siRNA and then were infected with the H9N2 JSC1 virus (MOI = 3). At 3, 6, and 9 h post-infection, cells were fixed, permeabilized, and stained with mouse anti-NP (red), rabbit anti-NUP85 (green) and DAPI (blue). The scale bar represents 20 μm. Images are representative of three independent experiments. (B) Quantitative analysis of vRNP localization in the infected cells was performed by calculating cell numbers with related fluorescence. At least 100 cells in each group were scored. (C) Western blot analysis of the distribution of NP in the cytoplasmic and nuclear fractions in virus-infected NC siRNA and NUP85 siRNA-treated cells. A549 cells were treated with NUP85 siRNA or NC siRNA and then were infected with the H9N2 JSC1 virus (MOI = 3). Cells were harvested at 3, 6, and 9 h.p.i. Then, the nucleocytoplasmic distribution of NP was examined by Western blot and grayscale analysis. The relative protein level of NP in nucleus is indicated with its gray intensity divided by that of Histone 3, and the relative protein level of NP in cytoplasmic is indicated with its gray intensity divided by GAPDH. Then they are normalized by that of control group, the results of which are shown at the bottom panel. Images are representative of three independent experiments. (D) qRT-PCR analysis of the distribution of viral vRNA in the cytoplasmic and nuclear fractions in virus-infected NC siRNA and NUP85 siRNA-treated cells. A549 cells were treated with NUP85 siRNA or NC siRNA and then were infected with the H9N2 JSC1 virus (MOI = 3). Cells were harvested and the cytoplasmic and nuclear parts were fractionated at 6, and 12 h.p.i., followed by qRT-PCR to detect the relative level of NP vRNA. Data are mean ± SD of three independent experiments. Significance is measured by unpaired T-test; ns, no significance. ** indicates p < 0.01. *** indicates p < 0.001.


To further confirm the defective nuclear import of vRNP when NUP85 was knocked down, we fractionated the cytoplasm and nucleus of infected cells and examined vRNP distribution indicated by NP expression at 3, 6, and 9 h post-infection by Western blot. As shown in Figure 3C, the nuclear distribution of vRNP decreased by 37% at 3 h.p.i. in the NUP85-knockdown cells compared with the control cells. The number changed to 21% as more vRNPs entered into the nucleus at 6 h.p.i., but the total amount of vRNP in the nuclear and cytoplasm is less in the NUP85-knockdown cells than in the control cells. At a later stage (9 h.p.i.), there is only one-third of vRNPs distributed in the nucleus in control cells, and there are still nearly a half vRNP in the nucleus in the NUP85 knockdown cells. The results are consistent with what we have seen in the immunofluorescent microscopy assay (Figures 3A,B). Furthermore, we examined vRNA levels in the cytoplasmic and nuclear fractions at 6 and 12 h post-infection by qRT-PCR. The NP vRNA in the nucleus in the NUP85 knockdown cells was only around a half when compared with the control cell at 6 and 12 h post-infection. The NP vRNA in the cytoplasm in the NUP85 knockdown cells was only 23% compared to that in the control cell at 6 h post-infection (Figure 3D). And the total vRNA in the nucleus and cytoplasm decreased by 45% in the NUP85 knockdown cells compared to that in the control cells at 6 h post-infection, and it decreased by 60% in the NUP85 knockdown cells at 12 h post-infection (Figure 3D). The results indicated that the knockdown of NUP85 impaired nuclear import of vRNP and further resulted in the decreased polymerase activity and reduced viral replication.



NUP85 binds to IAV RNP subunits PB1 and PB2

NUP85 is a component of the Nup107-160 subunit of the nuclear pore complex, which is embedded in the nuclear envelope and mediates bidirectional transport of macromolecules between the cytoplasm and nucleus (Beck and Hurt, 2017). IAV vRNP transports into the nucleus by interacting with host factors. To determine the associations between NUP85 and each RNP subunit, Flag-PA, Flag-PB1, Flag-PB2, or Flag-NP and hemagglutinin (HA)-NUP85 were co-transfected into HEK293T cells, respectively. Then, co-immunoprecipitation (co-IP) was performed at 24 h post-transfection. Results showed that NUP85 could co-precipitate with Flag-PB1 and Flag-PB2, but not with Flag-NP and Flag-PA (Figure 4A). Since IAV RNP subunits were the RNA-binding proteins, we also performed the same co-IP assays under RNase A treatment. Results showed that NUP85 was not co-precipitated with Flag-PB1 and Flag-PB2 under the RNase A treatment (Figures 4B,C), suggesting that NUP85 binds to PB1 and PB2 in an RNA-dependent manner.
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FIGURE 4
 Interactions between NUP85 and RNP subunits. (A) HEK293T cells were co-transfected with HA-NUP85 and Flag-PA, Flag-PB1, Flag-PB2, Flag-NP, or Flag-N, respectively. Cells were then lysed at 24 h post-transfection, and immunoprecipitation was performed using anti-Flag antibodies followed by Western blot. (B) HEK293T cells were co-transfected with HA-NUP85 with Flag-PB1 and Flag-N or HA-NUP85, respectively. Cells were lysed and treated the RNase at 24 h post-transfection, and immunoprecipitation was performed using anti-Flag antibodies followed by Western blot. (C) HEK293T cells were co-transfected with HA-NUP85 with Flag-PB2 and Flag-N or HA-NUP85, respectively. Cells were lysed and treated the RNase at 24 h post-transfection, and immunoprecipitation was performed using anti-Flag antibodies followed by Western blot.




Knockdown of NUP85 impedes nuclear import of IAV RNP subunits PB1 and PB2

Since NUP85 knockdown hindered the nuclear import of vRNP and the interaction of NUP85 with RNP subunits PB1 and PB2, we further examined the effect of NUP85 on the nuclear import of PB1 and PB2. Since PB1 enters the nucleus with PA as a dimer, A549 cells were treated with NUP85 siRNA or NC siRNA, then transfected with plasmids expressing Flag-PB1 and Flag-PA for 24 h. The results of nuclear and cytoplasmic fractionation showed that the relative protein level of Flag-PB1 in the cytoplasmic was raised by about 44%, and that in the nucleus was decreased by about 29% in the NUP85 siRNA-treated cells compared with the NC siRNA-treated cells (Figure 5A). To examine the nucleocytoplasmic distribution of viral PB2, we transfected Flag-PB2 into the NUP85 siRNA- or NC siRNA-treated cells and determined the PB2 protein levels in cellular nuclear and cytoplasmic parts. Similar to PB1, the relative Flag-PB2 protein level in the cytoplasmic was raised about 23%, and that in the nucleus was decreased by about 23% in the NUP85 siRNA-treated cells compared with the NC siRNA-treated cells (Figure 5B). To further confirm the effect of NUP85 on the nuclear import of IAV RNP subunits PB1 and PB2 is specific, we also examined the nuclear import of IAV RNP subunit PA. PA contains NLS and does not bind with NUP85. As shown in Figure 5C, the knockdown of NUP85 did affect the nuclear import of NP. These results indicate that NUP85 affects the nuclear import of RNP subunits PB1 and PB2, and the process relies on the interaction of NUP85 with PB1 and PB2.
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FIGURE 5
 Knockdown of NUP85 affects the nucleocytoplasmic distribution of viral PB1 and PB2, but not NP. (A) Plasmids expressing Flag-PB1 and PA were transfected into HEK293T cells treated with NUP85 siRNA or NC siRNA, and the nucleocytoplasmic distribution of Flag-PB1 was examined by Western blot and densitometry analysis. Statistical analysis of PB1 distribution in the NC siRNA-treated or NUP85 siRNA-treated cells was shown on the right. (B,C) Plasmids expressing Flag-PB2 (B) or Flag-NP (C) were transfected into HEK293T cells treated with NUP85 siRNA or NC siRNA, and the nucleocytoplasmic distribution of Flag-PB2 was examined by Western blot and grayscale analysis. The statistical analysis of relative band intensity of PB2 (B) or NP (C) was shown on the right. Western blot densitometry analysis was performed using software ImageJ. Histone 3 and GAPDH were used as loading controls for nuclear and cytoplasmic fractions, respectively. The relative protein level of PB1, PB2, and NP in nucleus is indicated with its gray intensity divided by that of Histone 3, and the relative protein level of PB1, PB2, and NP in cytoplasmic is indicated with its gray intensity divided by GAPDH. Then they are normalized by that of control group, the results of which are shown at the bottom panels (A–C). Data are mean ± SD of three independent experiments. Significance is measured by unpaired T-test; ** indicates p < 0.01. *** indicates p < 0.001. ns, no significance.




NUP85 assists the binding of PB1 to RanBP5 and the binding of PB2 to importin α1 and importin α7

Previous studies have already reported that IAV PB1 enters the nucleus via a non-classical transport pathway mediated by RanBP5 (Deng et al., 2006; Huet et al., 2010; Hutchinson et al., 2011), and viral PB2 enters the nucleus by binding multiple isoforms of importin α in the classic importin α - importinβ1 pathway (Resa-Infante et al., 2008; Gabriel et al., 2011; Beck and Hurt, 2017). However, unlike PB2, which can accumulate efficiently in the nucleus in the absence of other viral proteins, PB1 and PA can be efficiently imported into the nucleus only after they form a dimer in the cytoplasm (Jones et al., 1986; Smith et al., 1987; Hutchinson and Fodor, 2012). To test the hypothesis that NUP85 might play a role in the interaction between PB1 and RanBP5, we co-transfected the HEK293T cells with plasmids expressing Flag-PB1, HA-RanBP5 and PA in the NUP85 siRNA or NUP85 expressing plasmids treated 293 T cells and detected the effect of NUP85 knockdown or overexpression on the PB1 and RanBP5 interaction by co-immunoprecipitation. The results showed that PB1 bound to RanBP5 as reported previously, but the relative amount of PB1 binding to RanBP5 was obviously decreased when NUP85 was knocked down and significantly increased when NUP85 was overexpressed (Figure 6A). The results suggest that NUP85 is involved in the interaction between PB1 and RanBP5. Since knockdown of NUP85 impedes nuclear import of PB2, and PB2 relies on the interaction with importin α1, α3, α5, and α7 to mediate its nuclear import (Mukaigawa and Nayak, 1991; Tarendeau et al., 2007; Gabriel et al., 2011), we hypothesized that NUP85 knockdown might affect the interaction between PB2 and importin α. To test the hypothesis, we treated HEK293T cells with NUP85 siRNA or NUP85 expressing plasmids for 24 h, then transfected with plasmids expressing Flag-PB2 and HA-importin α. The results of immunoprecipitation showed that PB2 bound to all four isoforms of importin α, and NUP85 knockdown obviously reduced the amounts of importin α1 and importin α7 immunoprecipitated with PB2 (Figures 6B,E), but not the amounts of immunoprecipitated importin α3 and importin α5 (Figures 6C,D), indicating that NUP85 knockdown interfered with the interaction between PB2 with both importin α1 and importin α7. Accordingly, NUP85 overexpression obviously increased the relative amounts of importin α1 and importin α7 immunoprecipitated with PB2 (Figures 6B,E), but not the relative amounts of immunoprecipitated importin α3 and importin α5 (Figures 6C,D). These results suggest that NUP85 facilitates the nuclear import of PB1 by enhancing the interaction of PB1 with RanBP5, and it facilitates the nuclear import of PB2 by enhancing the interaction of PB2 with importin α1 and importin α7.
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FIGURE 6
 NUP85 facilitates IAV PB1-RanBP5, PB2-importin α1, and PB2-importin α7 interactions. (A) Effect of NUP85 on the interaction between RanBP5 in PB1. HEK293T cells were treated with NUP85 siRNA or NUP85 expressing plasmids and then transfected with the indicated plasmids for 24 h. Cell lysates were immunoprecipitated with an anti-Flag antibody. RanBP5 and Flag-PB1 levels were detected via Western blot. The band intensities were quantified by ImageJ, and relative precipitated HA-RanBP5 /Flag-PB1 ratios are shown at the bottom. (B–E) Interaction of PB2 with importin α family members, importin α1 (B), importin α3 (C), importin α5 (D), and importin α7 (E) in the NUP85 siRNA or NUP85 expressing plasmid treated cells. Cell lysates were immunoprecipitated with a mouse anti-Flag antibody. The bound proteins were detected by Western blot with a rabbit anti-HA antibody, a mouse anti-Flag antibody, or a rabbit anti-NUP85 antibody to detect importin α family members, NP, NUP85, and GAPDH, respectively. Images are representative of three independent experiments. The band intensities were quantified by ImageJ. The binding ratio of importin and PB1 or PB2 was calculated with the gray value of the importin divided by that of Flag, and then normalized by the that of control group, the results of which are present at the bottom of the panels. Images are representative of three independent experiments.




IAV infection decreases NUP85 expression

To investigate NUP85 expression during IAV infection, we detected the mRNA and protein levels of NUP85 in A549 cells after infection with three strains of IAV (influenza A H1N1 PR8, H3N2 HZ163, H9N2 JSC1), respectively. The mRNA level of NUP85 was detected by qRT-PCR at different time points post-infection. We observed a gradual decrease in NUP85 mRNA level in the process of each virus infection, and the level decreased by half at 12 h.p.i. (Figures 7A–C). And about a two-fold decrease in NUP85 protein level was observed in the infected A549 cells at 24 h.p.i. (Figure 7D). Meanwhile, treatment with a synthetic analog of viral double-stranded RNA polyinosinic-polycytidylic acid (Poly(I: C)) does not decrease NUP85 expression (Figures 7E,F). These data demonstrated that NUP85 expression was downregulated upon IAV infection.
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FIGURE 7
 Influenza A virus infection decreased NUP85 expression. (A–C) A549 cells were infected with H1N1 PR8, H3N2 HZ163, and H9N2 JSC1, respectively (MOI = 0.1). Cells were harvested for RNA isolation at 3, 6, 12, and 24 h.p.i. The relative expression level of NUP85 was determined by qRT-PCR. Data are mean ± SD of three independent experiments. Significance is measured by two-way ANOVA test; * indicates p < 0.05, ** indicates p < 0.01. (D) A549 cells were infected with H9N2 JSC1, H1N1 PR8, and H3N2 HZ163 at indicated MOIs and harvested at 24 h.p.i. for Western blot analysis of NUP85, viral NP, and GAPDH protein levels. GAPDH was used as a loading control. (E,F) A549 cells were treated with 1 μg/ml poly(I:C) with (+) or without (−) transfection reagent for 6, 12, and 24 h, then collected for Western blot and qRT-PCR analysis of NUP85. Data are mean ± SD of three independent experiments. Significance is measured by unpaired T-test; * indicates p < 0.05. ** indicates p < 0.01.





Discussion

Influenza A viruses are responsible for seasonal flu and even some pandemics. Several antivirals were developed for binding the viruses. Due to the rapid mutation of the viral genes, the evolution of resistance to the antiviral vaccine and therapy is rapid (Peacock et al., 2019). Understanding the interaction of virus and host factors would be of great importance in developing novel, effective antivirals. After influenza A virus invades the host cell, vRNPs are released into the cytoplasm, then they enter the nucleus through the nuclear pore for viral gene transcription and replication (Banerjee et al., 2014; Miyake et al., 2019; Sempere Borau and Stertz, 2021). IAV gene transcription and genome replication are mediated by the RNA-dependent RNA polymerase, which comprises PB1, PB2, and PA. PB1 is a critical factor of polymerase complex, and its N-terminal region binds to the C-terminal region of PA. The C-terminal region of PB1 interacts with the N-terminal region of PB2 (Te Velthuis and Fodor, 2016). In addition, NP interacts with PB1 and PB2 but not with PA (Biswas et al., 1998). For successful viral transcription and replication, vRNPs must pass through the NPC to the nucleus for primary gene transcription. Following the primary protein synthesis in the cytoplasm, newly formed viral proteins, including PB2, NP, PB1, and PA, are translocated back into the nucleus for vRNP assembly. Then the assembled progeny vRNP would be exported from the nuclear to the cytoplasm, and it finally reaches the cell membrane for progeny virus budding and release (Eisfeld et al., 2015; Peacock et al., 2019). In this study, we demonstrated that NUP85 interacted with the PB1 and PB2 in an RNA-dependent manner. Knockdown of NUP85 delayed the nuclear localization of vRNP in the early life cycle, weakened the binding of PB1 to RanBP5 and the binding of PB2 to importin α1 and importin α7, therefore leading to a smaller amount of nuclear PB1 and PB2, and further resulting in the reduced polymerase activity and suppressed virus replication. A proposed model of the mechanism NUP85 utilizes in the IAV infection is illustrated in Figure 8.
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FIGURE 8
 Proposed model for NUP85 facilitating nuclear import of vRNP and therefore promoting viral replication. Knockdown of NUP85 delays the nuclear import of vRNP, PB1, and PB2, which finally hinders viral replication. The figure was drawn at biorender.com under the agreement number of MT23YJ15J1.


It has been well studied that vRNP utilizes the nuclear localization signals (NLSs) of NP for its nuclear translocation via the classic nuclear import pathway (Naito et al., 2007a; Hutchinson and Fodor, 2012). But whether NLSs of the polymerase subunits also contribute to the import of RNPs remains to be determined (Wu and Pante, 2009; Hutchinson and Fodor, 2012). In this study, we showed that NUP85 interacted with PB1 and PB2 in an RNA-dependent manner rather than with NP and PA. As RNA polymerase and nucleoprotein, all IAV RNP subunits are capable of binding viral RNA. NP can bind small RNA as well (Labaronne et al., 2016). What kind of RNA mediating interaction of NUP85 with PB1 and PB2 is not clear and worthy of further study. Knockdown of NUP85 significantly delayed vRNP entry into the nucleus at 3 h post-infection, inhibiting polymerase activity and suppressing viral replication. The study may provide a new possibility that NLSs of PB1 and PB2 also play a specific role in the nuclear import of RNPs. The classic IMP α-IMP β1 pathway used by viral protein includes cargo, importin-α, and importin-β1 (Tarendeau et al., 2007; Gabriel et al., 2008; Lange et al., 2010). The NLS-containing cargo protein binds to importin-α, and importin-α binds to importin-β1 through its N-terminal IBB domain, which constructs the complex of cargo-importin-α-importin-β1 (Cingolani et al., 1999; Lott et al., 2010). It has been shown that the ternary complex (cargo-importin-α-importin-β1) or binary complex (cargo-RanBP5) is transported through NPC by the interaction of importin-β with phenylalanine and glycine (FG)-riched nuclear pore proteins (Beck and Hurt, 2017; Hampoelz et al., 2019). Interestingly, NUP85 does not contain FG-repeat, which implies that nuclear transporter factors RanBP5 or importin-β1 may not bind to NUP85. Our study reveals that NUP85 silencing inhibits the nuclear entry of PB1 and PB2, suggesting that NUP85 is indeed associated with cargo-importin-α -Importin-β1 and cargo-RanBP5 complex. But the mechanism remains elusive, and it could be one of the future directions.

NUP85 is a part of subcomplex Nup107-160, which forms the out ring of NPC and is critical for NPC assembly (Walther et al., 2003). NUP85 is also a cytoplasmic protein (known as FROUNT), and its overexpression amplified the chemokine-elicited PI(3)K–Rac–lamellipodium protrusion cascade (Terashima et al., 2005). We tried to overexpress NUP85 to test its effect on vRNP import and viral replication. Still, we failed it as the cells became too unwell to do viral infection after NUP85 introduction either by transient transfection or by lentivirus transduction. It seems excessive NUP85 is not friendly to the A549 cells cell, and whether excessive NUP85 affected normal cellular metabolism due to NUP85 accumulating in the cytoplasm is elusive and worthy of further investigation. NUP85 interacts with HIV Tat protein in the cellular nucleus. Here, we showed that NUP85 interacted with IAV PB1 and PB2 protein, which was required for vRNP, PB1, and PB2 import into the nucleus. Other NUPs have also been shown to be essential for IAV infection. NUP62 is required for the nuclear export of IAV mRNA and vRNA (Morita et al., 2013). NUP93 is involved in the nuclear export of IAV RNA (Furusawa et al., 2018). NUP98 interacts with IAV NS2/nuclear export protein through its FG repeat, and overexpression of the domain inhibits virus propagation (Chen et al., 2010). In addition, the influenza A virus down-regulates Nup98 to facilitate its infection (Satterly et al., 2007). Moreover, Panda et al. showed that Nup98 directly binds to the promoters of virus-induced genes and promotes antiviral gene expression (Panda et al., 2014). But we did not see any difference in the mRNA levels of multiple immune-related factors in the NUP85 siRNA and NC siRNA-treated A549 cells after influenza A virus JSC1 H9N2 infection. It indicated knockdown of NUP85 did not affect the antiviral status of the infected cells. Therefore, the significantly decreased viral replication is mainly due to the decreased RNP import into the nucleus in the NUP85 knockdown cells. Furthermore, NUP85 protein expression significantly decreased during IAV infection (Figure 7). It is possible that the host cells used some strategies that merit further investigation to alter the NPC against IAV infection. NPC components would be the potential targets for influenza treatments.



Conclusion

In conclusion, our data showed that NUP85 is a novel PB1 and PB2 binding protein and is pivotal for IAV replication. NUP85 knockdown impedes the nuclear import of vRNP, PB1 and PB2, thus inhibiting IAV replication. Importantly, we uncovered the underlying mechanisms that NUP85 assists the formation of a complex of viral PB2 and importin α1 and importin α7, PB1 and RanBP5 also. These results will advance our understanding that host proteins regulate the RNP nuclear import of IAV.
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Background: Chronic obstructive pulmonary disease (COPD) collectively refers to chronic and progressive lung diseases that cause irreversible limitations in airflow. Patients with COPD are at high risk for severe respiratory symptoms upon influenza virus infection. Airway epithelial cells provide the first-line antiviral defense, but whether or not their susceptibility and response to influenza virus infection changes in COPD have not been elucidated. Therefore, this study aimed to compare the susceptibility of COPD- and control-derived airway epithelium to the influenza virus and assess protein changes during influenza virus infection by quantitative proteomics.

Materials and methods: The presence of human- and avian-type influenza A virus receptor was assessed in control and COPD lung sections as well as in fully differentiated primary human bronchial epithelial cells (phBECs) by lectin- or antibody-based histochemical staining. PhBECs were from COPD lungs, including cells from moderate- and severe-stage diseases, and from age-, sex-, smoking, and history-matched control lung specimens. Protein profiles pre- and post-influenza virus infection in vitro were directly compared using quantitative proteomics, and selected findings were validated by qRT-PCR and immunoblotting.

Results: The human-type influenza receptor was more abundant in human airways than the avian-type influenza receptor, a property that was retained in vitro when differentiating phBECs at the air–liquid interface. Proteomics of phBECs pre- and post-influenza A virus infection with A/Puerto Rico/8/34 (PR8) revealed no significant differences between COPD and control phBECs in terms of flu receptor expression, cell type composition, virus replication, or protein profile pre- and post-infection. Independent of health state, a robust antiviral response to influenza virus infection was observed, as well as upregulation of several novel influenza virus-regulated proteins, including PLSCR1, HLA-F, CMTR1, DTX3L, and SHFL.

Conclusion: COPD- and control-derived phBECs did not differ in cell type composition, susceptibility to influenza virus infection, and proteomes pre- and post-infection. Finally, we identified novel influenza A virus-regulated proteins in bronchial epithelial cells that might serve as potential targets to modulate the pathogenicity of infection and acute exacerbations.

KEYWORDS
organotypic, proteomics, flu receptor, primary human bronchial epithelial cells, COPD


1. Introduction

Chronic obstructive pulmonary disease (COPD) is an umbrella term used to describe chronic and progressive lung diseases that cause limitations in lung airflow, which are not fully reversible. Currently, at least sixty-five million people suffer from moderate-to-severe COPD, with the prevalence being increasing and thus COPD has become the third leading cause of death worldwide (World Health Organization [WHO], 2021). The primary cause of COPD is tobacco smoke in high- and middle-income countries and biomass smoke and other fuels in low-income countries (Decramer et al., 2012). Exacerbation, defined as a sudden worsening of clinical manifestations and decrease in lung function, is related to a significantly worse survival outcome (Viniol and Vogelmeier, 2018), and the influenza virus is one of the respiratory viruses triggering COPD exacerbations (Bouquet et al., 2020). However, the underlying mechanisms of acute COPD exacerbations by influenza viruses have not been fully elucidated (Decramer et al., 2012; Viniol and Vogelmeier, 2018; Ji et al., 2022; Wu et al., 2022).

Respiratory viruses are associated with 40–64% of acute COPD exacerbations, and influenza virus infections cause substantial declines in lung function parameters (Smith et al., 1980). Seasonal influenza virus causes annual epidemics, with an estimation of 10% of the global population catching the disease, and the detection rates of influenza virus among hospitalized patients with acute exacerbation of COPD were reported as 8–36% (Mallia and Johnston, 2007; Viniol and Vogelmeier, 2018). Therefore, it is important to elucidate the mechanisms underlying the susceptibility and pathogenicity of influenza viruses in patients with COPD.

Given that the airway epithelium provides the first-line antiviral defense, it is a highly relevant question whether or not susceptibility to virus infection and virus replication is altered in COPD airway cells. Different responses of airway epithelium upon infection have been reported in patients with COPD compared with healthy controls (Hsu et al., 2015, 2016), suggesting that targeted treatment of exacerbations might serve to improve the prognosis of COPD.

Primary human bronchial epithelial cells (phBECs) differentiated at the air–liquid interface (ALI) represent a powerful tool to assess the airway-specific first-line defense against external stimuli. The resulting organotypic bronchoepithelium closely resembles the in vivo airway and is frequently used in studies of toxicology, infection, and drug delivery (Pezzulo et al., 2011; Lenz et al., 2014; Singanayagam et al., 2019; Berthold et al., 2022; Mastalerz et al., 2022). The fully differentiated epithelium, obtained 4 weeks after the airlift, contains all major bronchial epithelial cell types and displays physiologically important functional properties like mucus secretion and ciliary beating (Lodes et al., 2020). The model also allows for differentiating phBECs from different disease origins and assessing viral replication and antiviral epithelial responses after infection (Zarcone et al., 2017; Singanayagam et al., 2019).

Sialic acids on the surface of airway epithelial cells serve as receptors for influenza A viruses. Human influenza A viruses preferentially bind to sialic acids bound to galactose by the α2,6 linkage (SAα2,6Gal), the human-type flu receptor, whereas avian influenza A viruses preferentially bind to SAα2,3Gal, the avian-type flu receptor (Ito et al., 1997). Although the human airway epithelium predominantly displays the human-type flu receptor, the avian-type flu receptor has also been reported to be displayed by a minor proportion of cells (Shinya et al., 2006; Davis et al., 2015; Hsu et al., 2016). Considering that a major natural reservoir of influenza A virus is wild aquatic birds and that several subtypes of avian influenza A viruses have crossed the species barrier resulting in higher mortality rates than those caused by human influenza A viruses (Krammer et al., 2018), not only the human-type but also the avian-type flu receptor was assessed in this study.

The aims of this study were 2-fold. (1) To assess the susceptibility of airway epithelium of patients with COPD and controls to influenza virus. For this aim, we evaluated the expression of flu receptors in COPD and control lung sections as well as in a human organotypic model of the bronchial epithelium derived from COPD and control lung airway cells. (2) To identify novel molecular targets for the treatment of acute exacerbations caused by the influenza virus. Here, we performed quantitative proteomics in organotypic bronchoepithelia with phBECs derived from patients with COPD and controls.



2. Materials and methods


2.1. Subjects

Lectin-based and immunofluorescent staining of lung tissue was carried out in samples obtained from the UGMLC/DZL biobank, where biospecimen collection was approved by votes from the Ethics Committee of the Justus-Liebig-University School of Medicine (no. 111/08 and 58/15). Here, lung sections were from lung explants of patients with COPD, i.e., lungs with end-stage disease (GOLD stage IV; mean age 55 ± 6 years; three females, two males), or from donor’s lungs (mean age 52 ± 13 years, three females, two males).

All phBECs used in this study were obtained from the CPC-M BioArchive. PhBECs were derived from patients with COPD and controls, and were selected based on the following criteria: (1) male, (2) age over 60 years, (3) ex-smoker (more than 5 years), (4) a smoking history of more than 11 pack-years, and (5) the definition and classification provided by the Global Initiative for Chronic Obstructive Lung Disease (GOLD). The majority of phBECs, including all controls and COPD-derived phBECS from GOLD stage II/III, were derived from patients undergoing lung tumor resections and isolated from histologically normal regions adjacent to the resected lung tumors as assessed by an experienced pathologist. For the patients with COPD (n = 4), one patient was from GOLD stage IV, another from GOLD stage III, and two patients from GOLD stage II. The patient with COPD stage IV was a recipient of a lung transplant who had his lung resected at the University Hospital of the Ludwig Maximilians University Munich. Other patients underwent lobectomy at Asklepios clinic, Munich-Gauting, with a lung tumor as the primary diagnosis. All control subjects (n = 3) had normal lung functions and also underwent lobectomy at Asklepios clinic with a lung tumor as the primary diagnosis (Table 1). These patients received different multiple medications (outlined in Supplementary Table 1). The study was approved by the Ethics Committee of the Ludwig Maximilians University Munich, Germany (Ethic vote #333-10, #382-10). Written informed consent was obtained from all study participants.


TABLE 1    Patient information and bronchial diameter of specimens used for cell isolation.
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2.2. Culture of primary human bronchial epithelial cells

The primary human bronchial epithelial cells were expanded and cultured as described previously (Berthold et al., 2022; Mastalerz et al., 2022). For more details, refer to the online Supplementary material.



2.3. Lectin-based and immunohistochemical fluorescent staining


2.3.1. Sample preparation

Formalin-fixed, paraffin-embedded lung sections were deparaffinized with xylene, rehydrated in 100–50% ethanol, and rinsed in tap water. Antigen retrieval was performed in 10 mM citrate buffer, pH 6, with heat (125°C for 30 s, followed by 90°C for 10 s). Slides were washed 3 times in 1 × Tris-buffered saline. Paraformaldehyde-fixed phBECs on membranes were washed once with PBS and cut into 1/6 of the whole membrane with a scalpel.



2.3.2. Lectin-based histochemical staining for detection of human-type flu receptor

To prepare a negative control, slides/phBECs on membranes were incubated with neuraminidase from Arthrobacter ureafaciens (Merck KGaA, #10269611001) with a 1:100 dilution in acetic acid buffer, pH 5.5, for 20 h at 37°C. Slides/phBECs on membranes incubated with and without neuraminidase were then blocked with 5% BSA in PBS for 30 min at room temperature and incubated overnight at 4°C with fluorescein isothiocyanate-conjugated Sambucus nigra lectin (FITC-SNA) (SNAI, US Bio, S0071-20A.2) (1:50 in 5% BSA in PBS, final concentration 40 μg/ml).



2.3.3. Immunohistochemistry

Slides/phBECs on membranes were incubated overnight at 4°C with antibodies against the avian-type flu receptor, acetylated tubulin (acTub), mucin 5AC (MUC5AC), club cell-specific protein 10 (CC10), or cytokeratin 5 (CK5) diluted in 5% BSA in PBS. After washing three times with PBS, slides/phBECs on membranes were incubated with secondary antibodies and 4′,6-diamidino-2-phenylidole (DAPI) (1:2,000 in 5% BSA in PBS) for 1 h at room temperature. For phBECs on membranes, cells were permeabilized in 0.2% Triton X-100 in PBS for 10 min at room temperature prior to applying primary antibodies for differentiation markers. Permeabilization was not performed to detect flu receptors, since the cell-surface display is important for the virus to attach. Primary and secondary antibodies are listed in Supplementary Tables 2, 3, respectively. After washing 3 times with PBS, lung sections on glass slides were covered with mounting medium (DAKO). Membranes with phBECs were put on glass slides, covered in mounting medium, and coverslips were placed on top. Fluorescent microscopy was performed using the Axiovert II (Carl Zeiss AG, Oberkochen, Germany). For phBECs, immunofluorescence quantification was performed using the Imaris 7.4.0 software (Bitplane). Briefly, z-stack images of stained transwell membranes were generated by fluorescent microscopy, and individual cells were analyzed for the positivity of specific markers, largely as described previously (Schamberger et al., 2015; Mastalerz et al., 2022). For patient lung sections, quantification was performed using NIS Elements version 5.41.00 (Nikon Solutions Co., Ltd.) as follows: the apical area of the bronchus was selected above the bronchial epithelial nuclear layer and along the apical surface to yield the bronchial region of interest (ROI). Pneumocytes were selected in three randomly selected alveolar walls to yield the alveolar/pneumocyte ROI. Areas positive for the human-type flu receptor (SNA, green) or avian-type flu receptor (HYB4, red) were detected by the same threshold in all samples and recorded as binary areas. Data are given as binary area/ROI area × 100%.




2.4. Transepithelial electrical resistance measurements

The transepithelial electrical resistance (TEER) measurements were largely performed as described previously (Mastalerz et al., 2022). For more details, refer to the online Supplementary material.



2.5. Infection of fully differentiated phBECs

Transwell plates were placed in the 37°C incubator for 30 min with 500 μl of pre-warmed HBSS on the apical side. Mucus was carefully removed by pipetting up and down in each insert 5 times, followed by aspiration of HBSS and the addition of another 500 μl of HBSS on the apical side. This cycle was repeated for a total of 5 times to completely remove mucus. To each well, 1.25 × 105 TCID50 PR8 viruses in 100 μl of HBSS, or 100 μl of HBSS for mock infection, was added to the apical side of inserts (Zhang et al., 2005; Newby et al., 2006). The infectious dose was adapted from the procedure described by Wu et al. (2022). If all the cells in the insert were exposed to and susceptible to influenza A virus infection, this would correspond to a multiplicity of infection (MOI) of approximately 0.1. However, this MOI has to be seen in the context of three-dimensional cultures composed of different cell types (Newby et al., 2006): compared with two-dimensional cultures in which MOI indicates the number of infectious viral particles that can infect each cell, the organotypic bronchoepithelium includes multiple cell types, with basal cells not facing the apical surface. In addition, not all cell types express influenza A virus receptors. Following infection, plates were gently rocked several times and incubated at 37°C for 2 h. The apical side was gently washed with 500 μl of pre-warmed HBSS two times to remove unbound viral particles, and another 500 μl of HBSS was added and collected for viral titration for day 0. The basolateral side was washed two times with 1 ml of pre-warmed HBSS, and 1 ml of pre-warmed PneumaCult-ALI medium was added. For sample collection on days 1 and 3 post-infection, 500 μl of HBSS was added to the apical side of inserts, and plates were incubated for 30 min at 37°C in a humidified cell incubator at 37°C with 95% air and 5% CO2. After gently pipetting up and down 5 times, apical washes and phBECs on membranes were collected and stored at −80°C until RNA and protein extraction.



2.6. Quantitative mass spectrometry in data-independent acquisition mode

Equal total protein amounts (10 μg) of the cell lysate were digested with a modified filter-aided sample preparation procedure (Wisniewski et al., 2009) using Lys-C and trypsin as proteases and Microcon® centrifugal filters (Sartorius Vivacon 500, 30 kDa) for buffer exchange and on-filter digest. Approximately 0.5 μg of peptides per sample were measured in a randomized manner on a Q-Exactive™ HF mass spectrometer online coupled to an Ultimate 3000 nano-RSLC (Thermo Scientific) in data-independent acquisition (DIA) mode as described previously (Lepper et al., 2018; Mattugini et al., 2018). Briefly, peptides were automatically loaded on a trap column [300 μm inner diameter (ID) × 5 mm, Acclaim PepMap100 C18, 5 μm, 100 Å, LC Packings] prior to C18 reversed phase chromatography on the analytical column (nanoEase MZ HSS T3 Column, 100 Å, 1.8 μm, 75 μm × 250 mm, Waters) at 250 nl/min flow rate in a 105 min non-linear acetonitrile gradient from 3 to 40% in 0.1% formic acid. Profile precursor spectra from 300 to 1,650 m/z were recorded at 120,000 resolution with an automatic gain control (AGC) target of 3e6 and a maximum injection time of 120 ms. Subsequently, fragment spectra were recorded in 37 overlapping DIA isolation windows of variable size covering a total of 300–1,650 m/z, each at 30,000 resolution with an AGC target of 3e6 and a normalized collision energy of 28. The recorded raw files were analyzed using the Spectronaut Pulsar software (Biognosys) (Bruderer et al., 2015) with a peptide and protein identification false discovery rate setting of < 1%, using an in-house human spectral library that was generated using Proteome Discoverer 2.1 (Thermo Scientific), the Byonic search engine (Protein Metrics), and the Swissprot Human database (release 2017_02). Quantification was based on MS2 area levels of all unique peptides per protein fulfilling the percentile 0.25 setting. Normalized protein quantifications were exported and used for calculations of fold changes and significance values. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2022) partner repository with the data set identifier PXD031461.



2.7. Statistical analysis of quantitative mass spectrometry data

For the whole protein expression analysis, we used R (version 4.0.4). The data was pre-processed by variance stabilization and normalization (vsn package) (Huber et al., 2002). A reduction in the dimension of the data using tSNE (Krijthe, 2015) allowed us to identify the different patients as a batch effect. The data were corrected from the patient effect using ComBat (Leek et al., 2012, 2020), and the interaction between time and condition as covariates. Due to the induced correlation structure in the corrected data, ComBat might lead to the exaggerated significance and, therefore, to higher FDR (Li et al., 2021). This might artificially increase the effect of condition and time when correcting the data from the batch effect. For protein expression analysis, we used the R package limma (Ritchie et al., 2015). We specified a generalized linear mixed model with a random intercept for patients and the interaction between condition and time as a fixed effect. For sensitivity analysis, we additionally built the model with adjustment for health state, which revealed very similar results.



2.8. Gene expression analysis by qRT-PCR and Western blot

Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) and Western blot analysis were performed as described previously (Mastalerz et al., 2022). For more details including antibodies used for Western Blot analysis (Supplementary Tables 2, 3) and primers used for qRT-PCR (Supplementary Table 4), please refer to the online Supplementary material.




3. Results


3.1. The human-type flu receptor is detected more frequently than the avian-type in human lung sections and organotypic bronchoepithelia

First, to assess the display of human- and avian-type flu receptors in the peripheral airway epithelium of patients with COPD and controls, formalin-fixed, paraffin-embedded lung sections (COPD n = 5, control n = 5) were stained with (1) FITC-SNA, which specifically binds to sialic acids bound to galactose by the α2,6 linkage (SAα2,6Gal), the human-type flu receptor (Ito et al., 1997) and (2) a monoclonal antibody (clone HYB4) that specifically binds to SAα2,3Gal, the avian-type flu receptor (Hidari et al., 2013). Pretreatment of a serial section with neuraminidase, an enzyme that cleaves sialic acids, resulted in a drastic reduction of the SNA signal, validating the specificity of the lectin-based histochemical staining (Supplementary Figure 1A). In the bronchial region, the human-type flu receptor was much more frequently detected than the avian-type flu receptor in patients with COPD and controls, while in alveolar regions, human- and avian-type flu receptors were displayed at similar levels (Supplementary Figures 1B, 2A, B). Despite considerable heterogeneity of flu receptor display across the samples, our results indicate that the levels of both humans- and avian-type flu receptors are decreased in patients with COPD compared with controls (Supplementary Figure 2). Staining with SNA targeting the human-type flu receptor in combination with antibodies against acetylated tubulin (acTub), mucin 5AC (MUC5AC), club cell-specific protein 10 (CC10), and cytokeratin 5 (CK5) demonstrated that the human-type flu receptor was not displayed by ciliated or basal cells, but rather by goblet and club cells (Figure 1A, Supplementary Figure 1B). The very infrequently detected avian-type flu receptor was not or little displayed by ciliated cells, never by the club or basal cells, but maybe by goblet cells (Supplementary Figure 1B). The latter was not directly assessed because both anti-MUC5AC and anti-SAα2,3Gal antibodies were of mouse origin (Supplementary Figure 1B).
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FIGURE 1
Detection of the human- and avian-type flu receptors in lung sections and organotypic bronchoepithelium from patients with chronic obstructive pulmonary disease (COPD) and controls. Human lung sections (COPD n = 5, control n = 5) and primary human bronchial epithelial cells (phBECs) from patients with COPD (n = 4) and controls (n = 3) were stained with Sambucus Nigra lectin (SNA) that specifically binds to sialic acids bound to galactose by the α2,6 linkage, SAα2,6Gal, the human-type flu receptor, and a monoclonal antibody (clone HYB4) that specifically binds to SAα2,3Gal, the avian-type flu receptor. (A) Detection of human-type flu receptor (green) in co-staining with antibodies directed toward acetylated tubulin (acTub), mucin 5AC (MUC5AC), or club cell-specific protein CC10 (red), for the identification of ciliated, goblet, or club cells, respectively, in formalin-fixed, paraffin-embedded human lung sections. The example shown is from a COPD lung explant. (B) Detection of human-type flu receptor (green) and avian-type flu receptor (red) in phBECs from COPD and control on days 0, 14, and 28 after airlift. (C) Quantification of the human- and avian-type flu receptors in phBECs on days 0, 14, and 28 after airlift. Panel (A) shows representative images for n = 5 (COPD) and n = 5 (control lung sections). Panel (B) shows representative images for n = 3 (control phBECs; here second control, see Table 1) and n = 4 (COPD phBECs; here GOLD stage III-derived phBECs); quantification of those data is given in panel (C). For panel (C), statistical analysis was performed using an unpaired, two-sided Mann–Whitney U test, but with a cutoff value of p < 0.05, no statistically significant differences were observed.


Having confirmed the expression of flu receptors in small airways of patients with COPD and controls in lung sections, we made use of the organotypic model of phBECs differentiated at ALI. PhBECs from patients with COPD (n = 4) and controls (n = 3), matched for age and sex (Table 1), were differentiated for 28 days at ALI. Males were chosen considering the gender-specific prevalence of COPD (Ntritsos et al., 2018) as well as in efforts to reduce sample heterogeneity. Again, the specificity of lectin histochemistry in phBECs was confirmed by pretreating cells with neuraminidase (Supplementary Figure 1C). On ALI day 0, where the culture consists exclusively of basal cells, almost no expression of the human-type receptor was observed. The avian-type flu receptor, in contrast, was observed in all controls and patients with COPD at this time point, even if in relatively few cells only (up to 11%) (Figures 1B, C). On ALI days 14 and 28, in parallel to the emergence of all major differentiated cell types, the number of human-type flu receptor-positive cells increased in phBECs from controls and patients with COPD (Figures 1B, C). The avian-type receptor was still detectable in all cultures at similar levels at an intermediate time point of differentiation (day 14) but mostly lost at day 28 (Figure 1C).

As opposed to the tissue section staining, flu receptor display was similar for COPD- and control-derived cells in vitro. The much higher prevalence of human-type to avian-type flu receptors, however, agreed well with our observations in human lung sections, supporting the usefulness of our in vitro model for studies with influenza A virus infection where flu receptors serve as a major determinant of host susceptibility.



3.2. Patients with COPD- and control-derived cells show similar differentiation potential

The expression of differentiation markers assessed by immunofluorescence and qRT-PCR showed similar differentiation potential in cells from patients with COPD and controls. TEER value increased and reached a similar value on day 28 (Supplementary Figure 3). Ciliated cells continued to increase until day 28, goblet cells increased on day 14 and decreased on day 28, and club cells continued to increase until day 28 (Supplementary Figures 4A, B). FOXJ1, encoding a transcription factor specifically required for motile cilia, MUC5AC, and SCGB1A1 (CC10) were expressed at similar levels on days 14 and 28 (unpaired, two-sided Mann–Whitney U test, p > 0.05) (Supplementary Figure 4C). PhBECs from patients with COPD tends to show a more heterogeneous expression of differentiation markers compared with those from controls.



3.3. COPD- and control-derived fully differentiated phBECs display largely similar protein profiles pre-infection

To compare the protein expression in fully differentiated phBECs from patients with COPD and controls, cells were collected on ALI day 28 (Figure 2A) and subjected to proteomic analysis. The heatmap displaying overall protein changes in all subjects demonstrated that COPD- and control-derived phBECs did not cluster separately. Interestingly, however, the COPD GOLD stage IV-derived phBECs without a tumor background stood out with a unique protein profile (Figure 2B).


[image: image]

FIGURE 2
Proteomics pre- and post-influenza virus infection in fully differentiated primary human bronchial epithelial cells (phBECs). PhBECs from patients with chronic obstructive pulmonary disease (COPD) (n = 4) and controls (n = 3) were differentiated for 28 days at the air–liquid interface and either mock-infected or infected with influenza A virus PR8. Cells were harvested for proteomics on day 28 after airlift (pre-infection), and on days 1 and 3 post-infection. To examine viral replication, cells and apical washes were harvested on day 0 (after incubating the cells with the virus to allow attachment, and after removing the unattached virus by washing) and on days 1, 3, and 5 post-infection. (A) Scheme of culture, infection, and sample analysis. An illustration was created with biorender.com. TEER, transepithelial electrical resistance. (B) Heatmap of proteomics pre-infection. The protein profile of the COPD GOLD stage IV-derived phBECs is shown in the outermost left lane. (C) Principal component analysis of proteomics post-infection. (D) Heatmap of significantly altered proteins post-infection with all patients/controls and all time points (PR8 vs. mock, n = 7). A protein was considered to be differentially expressed if the comparison resulted in a false discovery rate (FDR) of less than 5% with the Benjamini–Hochberg (BH) correction to correct multiple testing. (E) Total RNA was extracted from cells and mRNA levels of PR8 nucleoprotein transcripts were examined by RT-qPCR. DHX8 was used as a housekeeping gene. (F) Infectious viral particles in apical washes were quantified by an end point dilution assay. TCID50: 50% tissue culture infectious dose. For panels (E,F), statistical analysis was performed using an unpaired, two-sided Mann–Whitney U test, but with a cutoff point of p < 0.05, no statistically significant differences were observed.




3.4. PhBECs derived from a COPD GOLD stage IV patient show distinct COPD-like features

Having observed that the COPD GOLD stage IV-derived phBECs displayed a unique protein profile compared to control and COPD GOLD stage II/III phBECs, we assessed to which extent this may reflect a more advanced COPD airway phenotype. Indeed, in particular, at day 28, the phBECs derived from the GOLD stage IV patient (n = 1) displayed a striking COPD-like phenotype in comparison to the control and less severe stage-derived cells: cells from that patient showed a lower TEER value, reduced levels of human-type flu receptor, and fewer ciliated and more goblet cells (Supplementary Figure 5A–C). Finally, from a panel of 20 genes known to be upregulated in COPD airway epithelial cells (Steiling et al., 2013; Wei et al., 2015), 14 showed increased levels in the GOLD stage IV phBECs as compared to the GOLD stage II/III and control phBECs (Supplementary Figure 5D). However, following infection, the PR8 virus still replicated similarly in these cells (Supplementary Figure 5E), indicating little biological influence of these features on infection.



3.5. Viral replication after influenza A virus infection does not differ in COPD- and control-derived fully differentiated phBECs

To evaluate the susceptibility and response of fully differentiated phBECs derived from patients with COPD and controls to influenza A virus infection, cells were infected with PR8, a widely used strain in in vitro studies (Kroeker et al., 2012, 2013; Short et al., 2016; Han et al., 2018). On ALI day 28, phBECs were infected with PR8 (Figure 2A) and proteomes were analyzed at days 1 and 3 post-infection (Figures 2C, D). Viral RNA of nucleoprotein within the cells and infectious viral particles in apical washes peaked at day 1 in phBECs from patients with COPD and controls and from then gradually decreased, with no statistical differences at any time point (unpaired, two-sided Mann–Whitney U test, Figures 2E, F).



3.6. COPD- and control-derived fully differentiated phBECs display similar protein profiles post-influenza A virus infection

Cellular protein was collected from phBECs on days 1 and 3 post-infection and subjected to proteomic analysis (Figure 2A). Principal component analysis (PCA) and a heatmap displaying the significantly altered proteins showed a clear separation between PR8- and mock-infected cells (Figures 2C, D), but not between disease origin (health state: COPD vs. control). An alternative dimensionality reduction method, t-Distributed Stochastic Neighbor Embedding (t-SNE), also indicated that only the condition effect (PR8-infected vs. mock-infected) separated the two groups, but not disease origin (COPD vs. control), time (day 1 vs. day 3 post-infection), or patients’ origin (Supplementary Figure 6). Moreover, the heatmap of significantly altered proteins on days 1 and 3 post-infection also did not indicate any separation between disease origin, and we found no significant changes in influenza virus-induced gene expression between control- and COPD-derived cells (Supplementary Figures 7, 8).



3.7. PhBECs display a robust antiviral response post-influenza A virus infection and upregulate several novel influenza virus-induced proteins

Given the absence of disease-specific effects, we focused on differences between PR8- and mock-infected cells, independent of the disease origin (n = 7). In this analysis, 31 and 234 proteins were differentially expressed (adj. p < 0.05) on day 1 and day 3 post-infection (PR8/mock), respectively, with a robust upregulation of interferon (IFN)-regulated genes (Figure 3, Supplementary Figures 7, 8, and Supplementary Data file “Protein List,” data sheets “ConditionsDay1” and “ConditionsDay3”). Taking into account both time points, 290 proteins were differentially expressed post-infection (adj. p < 0.05) among the total 4,341 variables (PR8/mock; Supplementary data file “Protein List,” data sheet “ConditionsOverallTime”). Pathway enrichment analysis of those 290 proteins demonstrated that variants of the (innate) immune system and cytokine signaling, in particular IFN signaling, were the dominating top enriched pathways (Figure 4A). For instance, a strong upregulation of established IFN-regulated genes like interferon-regulatory factor 9 (IRF9), interferon-induced GTP-binding protein Mx1 (MX1), 2′–5′-oligoadenylate synthase 1 (OAS1), signal transducer and activator of transcription 1-α/β (STAT1), ubiquitin-like protein ISG15 (ISG15), and interferon-induced protein with tetratricopeptide repeats 1 (IFIT1) was observed (Figures 4B–G). In addition to these drastically upregulated proteins demonstrating a robust antiviral response, several novel proteins appeared as significantly upregulated (adj. p < 0.05). Those proteins were phospholipid scramblase 1 (PLSCR1), human leukocyte antigen class I histocompatibility antigen, α chain F (HLA-F), cap-specific mRNA (nucleoside-2′-O-)-methyltransferase 1 (CMTR1), E3 ubiquitin–protein ligase DTX3L (DTX3L), and shiftless antiviral inhibitor of ribosomal frameshifting protein SHFL, previously called RyDEN (c19orf66) (Figure 5A). Upregulation of all these genes was assessed by RT-qPCR (Figure 5B) and, for PLSCR1, HLA-F, and DTX3L, by Western blot analysis (Figure 5C, Supplementary Figure 9). Upregulation on protein level was validated for all three proteins assessed, while upregulation on transcript level was only observed for PLSCR1 and HLA-F, demonstrating significant post-transcriptional regulation mechanisms.
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FIGURE 3
Volcano plot of significantly altered proteins in fully differentiated primary human bronchial epithelial cells (phBECs) on days 1 and 3 post-influenza virus infection. Fully differentiated phBECs from patients with chronic obstructive pulmonary disease (COPD) (n = 4) and controls (n = 3) were either mock-infected or infected with influenza A virus PR8. Cells were harvested for proteomics on days 1 and 3 post-infection (dpi). Volcano plot of significantly altered proteins (PR8/mock) on days 1 (left) and 3 (right) post-infection, independent of the disease state. A protein was considered to be differentially expressed if the comparison resulted in a false discovery rate (FDR) of less than 5% with the Benjamini–Hochberg (BH) correction to correct multiple testing.
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FIGURE 4
Upregulation of interferon-regulated pathways and proteins in fully differentiated primary human bronchial epithelial cells (phBECs) independent of disease state post-influenza virus infection. (A) Pathway analysis performed using the tool PANTHER and all 290 differentially expressed proteins post-infection, independent of disease state and taking account of both time points. (B–G) Box plots of interferon-regulated proteins depicting the median (middle horizontal line), the 25 and 75% percentile (lower and upper edge of the box), and the range between largest and smallest value up to a maximum of 1.5 × interquartile range (vertical lines). Data points beyond that range are regarded as outliers and are shown as individual points. IRF9, interferon-regulatory factor 9; MX1, Interferon-induced GTP-binding protein Mx1; OAS1, 2’–5’-oligoadenylate synthase 1; STAT1, signal transducer and activator of transcription 1-α/β; ISG15, ubiquitin-like protein ISG15; IFIT1, interferon-induced protein with tetratricopeptide repeats 1.
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FIGURE 5
Novel proteins upregulated in fully differentiated primary human bronchial epithelial cells (phBECs) independent of disease state post-influenza virus infection. (A) Box plots of significantly upregulated novel proteins in fully differentiated phBECs on days 1 and 3 post-influenza virus infection (dpi). PLSCR1, phospholipid scramblase 1; HLA-F, human leukocyte antigen class I histocompatibility antigen, α chain F; CMTR1, cap-specific mRNA (nucleoside-2′-O-)-methyltransferase 1; DTX3L, E3 ubiquitin–protein ligase DTX3L; SHFL, shiftless antiviral inhibitor of ribosomal frameshifting protein. Box plots depict the median (middle horizontal line), the 25 and 75% percentile (lower and upper edge of the box), and the range between the largest and smallest value up to a maximum of 1.5 × interquartile range (vertical lines). Data points beyond that range are regarded as outliers and are shown as individual points. (B) mRNA expression of novel genes 1 and 3 dpi (PR8/mock). For some COPD phBECs samples, the obtained amount of RNA was insufficient to cover all qPCR reactions, restricting the COPD-derived samples to n = 3 and n = 2 on 1 dpi. Symbol legend (in analogy to panels A and C): Cyan squares, ctrl samples; red squares, COPD samples. (C) Western blots of PLSCR1, HLA-F, and DTX3L. VCL (vinculin) was used as a loading control. Irrelevant parts of the Western blot images were cropped to only present the areas of interest. Uncropped Western blot images are given in Supplementary Figure 9.





4. Discussion

Studies comparing proteomes between COPD- and control-derived phBECs in fully differentiated organotypic bronchoepithelia pre- and post-influenza virus infection are lacking. Performing such a comparison, we have not found disease-dependent changes. Independent of disease status, we have, however, observed a robust IFN-mediated antiviral response and identified several upregulated proteins following PR8 infection, which have not or only recently been linked to the host response to the influenza virus. Notably, those proteins have not been reported in studies where undifferentiated primary normal human bronchotracheal epithelial cells were infected with influenza virus PR8 (Kroeker et al., 2012, 2013). Our study has thus identified novel influenza-regulated proteins in the fully differentiated bronchial epithelium that may qualify as targets to modulate the pathogenicity of infection and acute exacerbation caused by the influenza virus.

In agreement with previously published reports, we observed that the human-type flu receptor is much more frequent in human airways and fully differentiated phBECs than the avian-type (Shinya et al., 2006; Davis et al., 2015; Hsu et al., 2016) and predominantly localized on bronchial secretory cells (Matrosovich et al., 2004). The specific bronchial epithelial cell types presenting the avian-type flu receptor, however, remain poorly identified. While the display of the avian-type flu receptor on ciliated cells has been reported by others (Matrosovich et al., 2004), our results do not provide evidence for this (Supplementary Figure 1B). However, it must be acknowledged that the overall low presentation of the avian-type flu receptor in the human airway (Matrosovich et al., 2004; Nicholls et al., 2007; Davis et al., 2015) represents a challenge for a systematic assessment of the cell types displaying it. In addition, discrepancies between studies may also stem from different detection systems and protocols. For instance, it has been reported that Maackia amurensis agglutinin (MAA) lectins, frequently used to detect the avian-type flu receptor, differ in their binding affinity to SAα2,3 depending on supplier and MAA isoform used (Matrosovich et al., 2004; Nicholls et al., 2007). Here, we took advantage of a more recently developed specific monoclonal mouse antibody (HYB4) (Hidari et al., 2013; Supplementary Figure 1B), which allowed for circumventing the known variability in lectin binding but restricted our choice of specific antibodies to co-stain with. Therefore, even if our results, by way of exclusion, suggest display of the avian-type receptor by goblet cells in human bronchial epithelium, we have not been able to directly demonstrate this. The cell types displaying the avian-type flu receptor thus remain elusive and need further investigation.

Interestingly, despite considerable patient heterogeneity, fluorescent staining-based quantification suggested that flu receptors overall may be downregulated in patients with COPD. Also, the thickened mucus layer and increased expression of mucins in patients with COPD may protect them from influenza virus infection both because cell membranes are less accessible and because heavily sialylated mucins act as decoy receptors (Ehre et al., 2012; Wallace et al., 2021). Here, before in vitro infection of phBECs, we removed the mucus layer in effort to focus on cell-associated differences in virus susceptibility. Furthermore, as opposed to flu receptors in patients’ epithelium, we did not see any significant changes in flu receptor display in COPD-derived vs. control-derived phBECs in vitro. These two aspects may explain why viral replication was similar for control- and COPD-derived phBECs in vitro. Flu receptor display not being conserved in COPD-derived cells in vitro could, on the one hand, be due to optimized growth and differentiation conditions that certainly do not reflect the microenvironment in COPD airways. On the other hand, a decrease in flu receptor display may also only manifest in later stages of COPD: while we mainly used COPD GOLD stage II/III-derived cells for differentiation, lung specimens used for staining and quantification of flu receptors in vivo were derived from end-stage patients with COPD. In support of this, human-type flu receptor display is drastically reduced in phBECs derived from a COPD GOLD stage IV patient (n = 1, Supplementary Figure 5B). Overall, these observations rather support a lower susceptibility of patients with COPD to influenza virus infection. However, interestingly, during the differentiation of phBECs, we regularly observed more avian-type receptors at early time points, where basal cells are overrepresented and where the culture thus reflects properties of a regenerating bronchial epithelium (Schamberger et al., 2015; Mastalerz et al., 2022). This suggests that, under conditions of acute airway injury and ongoing regeneration or in smoking-induced airway basal cell hyperplasia (Crystal, 2014), bronchial epithelial cells may be more susceptible to infection by the avian influenza viruses. These observations warrant further studies in models of airway regeneration and hyperplasia.

Comparisons between COPD- and control-derived phBECs have been done by direct transcriptomic analysis of bronchial brushings, identifying several differentially expressed genes that characterized COPD-derived phBECs (Steiling et al., 2013). It has also been shown that phBECs derived from GOLD stage IV patients differentiate differently relative to control cells, resulting in altered cell type compositions (Gohy et al., 2019). Here, we selected phBECs from age-, sex-, and smoking history-matched control and COPD lungs (GOLD stage II/III), all isolated from non-tumorous airways in the context of a lung tumor resection, except for one GOLD stage IV specimen from an end-stage explant. However, in our differentiated organotypic bronchoepithelia, we did not find any statistically significant differences between COPD- and control-derived phBECs in terms of proteomes and differentiation potential. Identification of such differences may have been hampered by the following limitations in our study design: first, we included phBECs from different COPD GOLD stages, including mild-to-moderate COPD. Several large COPD cohort studies showed that the COPD GOLD stage is not necessarily a stable or progressive criterion (due to diagnosis by spirometry and work-related lung function diagnostics). Especially patients who initially meet the criteria for mild-to-moderate COPD are sometimes later diagnosed with lower COPD GOLD stages or even with normal lung function, or vice versa, over a series of annual visits (Aaron et al., 2017). This suggests reversibility of disease stage unless cells are from severe or very severe patients with COPD, which may in part be reflected by the capacity of airway epithelial cells to differentiate normally in vitro when given the appropriate growth factors. Second, given the known individual variations in patient-derived cells including a highly diverse medication history (Supplementary Table 1), the low number of control- and COPD-derived phBECs used in our study may have been insufficient to detect significant differences (Mindaye et al., 2017). Third, it cannot be completely excluded that tumor environment-derived factors may have ultimately masked COPD-specific effects for all but phBECs from the stage IV patient without a tumor background.

Although influenza A virus infection has been studied using proteomics in basal-like phBECs under submerged conditions (Kroeker et al., 2012, 2013), an advantage of our study is that we used fully differentiated phBECs, which reflect the cell type complexity of the bronchial epithelium in vivo and thus recapitulate the orchestration of numerous host factors better than undifferentiated cells or cell lines. Nevertheless, our in vitro model does not recapitulate all features of the bronchial epithelium in vivo including epithelial–immune cells or epithelial–mesenchymal crosstalk. Such interactions, however, may be key in the context of acute exacerbation and COPD progression (Barnes, 2019; Guo-Parke et al., 2020). Therefore, future studies on influenza virus infection should make use of phBECs derived from very severe or severe COPD GOLD stage lungs, which typically retain a disease phenotype in vitro, ideally in combination with non-tumorous and, in terms of age and sex, well-matched control samples. Furthermore, the influence of deregulated immune or mesenchymal cells should be studied in more advanced organoid co-culture models.

Next to a strong and mostly IFN signaling-related antiviral response, we discovered several influenza virus-induced proteins that have not or only recently been linked to influenza virus infection and may thus represent novel host factors in that context. PLSCR1, for instance, is an IFN-regulated gene with multiple functions including the regulation of viral uptake and replication by interacting with viral proteins at the plasma membrane as well as within the cytoplasm (Dal Col et al., 2022). The few studies that addressed its role in influenza virus infection have demonstrated binding to nucleoprotein NP and prevention of its nuclear translocation (Luo et al., 2018; Liu et al., 2022). Interestingly, PLSCR1 has also been described to be secreted and interact with extracellular matrix protein 1 (ECM1) in the dermal–epidermal junction of human skin (Merregaert et al., 2010). This raises the intriguing hypothesis that PLSCR1 could also play a role in epithelial–mesenchymal crosstalk and, for instance, promote small airway fibrosis upon influenza virus infection. Notably, small airway fibrosis is increasingly recognized as the major driver of COPD progression, but the underlying causative mechanisms remain poorly understood (Hogg et al., 2017; Barnes, 2019). Hence, further investigation is warranted to assess the role of this protein in the context of airway fibrosis.

Cap-specific mRNA (nucleoside-2’-O-)-methyltransferase 1 (CMTR1) and SHFL have been described as host factors that facilitate the expression of viral proteins. Upon influenza A virus infection, CMTR1 is required for efficient cap snatching and regulation of a cell’s autonomous immune response (Li et al., 2020). A function of SHFL has not yet been described in the context of influenza virus infection, but it is known to promote programmed-1 ribosomal frameshift (−1 PRF) in SARS-CoV-2 viral gene expression (Baggen et al., 2021; Sun et al., 2021). Importantly, an inhibitor of −1 PRF, merafloxacin, restricted SARS-CoV-2 replication in VERO E6 cells (Sun et al., 2021). Taken together, these observations warrant further studies into CMTR1 and SHFL as potential influenza virus host factors and targets to modulate influenza pathogenicity.

E3 ubiquitin-protein ligase DTX3L (DTX3L), an E3 ubiquitin–protein ligase, has been little investigated in the context of virus infection, except for a study that reports protein mono-ADP-ribosyltransferase PARP9 (PARP9)-DTX3L ubiquitin ligase to target host histone and viral protease to enhance IFN signaling (Zhang et al., 2015). It is known that the ubiquitin–proteasome system is important for the replication of influenza A viruses and that ubiquitination also plays an essential role in innate immunity to the influenza A virus (Rudnicka and Yamauchi, 2016). DTX3L may thus be a hitherto unidentified factor in this context.

Finally, recent studies have been revealing the significance of natural killer (NK) cells in maintaining immune system homeostasis and their involvement in COPD pathogenesis (Rao et al., 2021). NK cells, as innate immune cells, provide the first line of defense at the border of airway epithelium and the microenvironment. HLA-F, upregulated in our model upon influenza virus infection, has been the least investigated among the HLA class I family; it has only recently been demonstrated to exert an important role in immune regulation by presenting peptides and regulating immunity through interactions with NK cells (Dulberger et al., 2017; Lin and Yan, 2019). Interestingly, increased protein levels of HLA-F and interaction with NK cells have been indicated after infection with BK polyomavirus, HIV, and HCV (Lunemann et al., 2018; Kiani et al., 2019; Koyro et al., 2021). Our study indicates a role for HLA-F after influenza virus infection in the human airway, presumably by interaction with NK cells. Since the functions of NK cells in COPD have remained unclear (Rao et al., 2021), the differentiated organotypic bronchoepithelia might serve as a simplified model to unravel the interaction of NK cells with HLA-F upon viral infection.



Conclusion

Our study demonstrated the dominant presentation of human-type vs. avian-type flu receptors in human lung sections and in fully differentiated phBECs. COPD- and control-derived cells showed similar differentiation potential, similar susceptibility to influenza A virus infection, and similar proteomes pre- and post-infection. Pooling all post-infection proteome data enabled us to identify novel influenza A virus-regulated proteins. Our results warrant further studies of these proteins’ functions in the context of the pathogenicity of infection and acute exacerbation caused by the influenza virus.
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Molecular mechanism

- HA promotes apoptosis by enhancing host cell endoplasmic reticulum
stress (Frabutt et al., 2018).
- Unknown (Hartmann et al., 2017).

- NA stimulates endoplasmic reticulum stress, enhancing apoptosis (Slaine
etal., 2021).

-NA interacts with CEACAMG protein, which increases the tyrosine
phosphorylation of FAK, AKT, GSK38, and Bcl-2, and inhibits cell death
(Gaur et al., 2012).

- NP directly interacts with the anti-apoptotic protein CLU, which inhibits
apoptosis by interacting with Bax, thereby interfering with the function of
CLU (Tripathi et al., 2013).

- NP promotes apoptosis by down-regulating API5 expression; this
interferes with E2F1 recruitment to the Apaf-1 promoter, leading to
down-regulation of Apaf-1 and impairment of apoptosome formation
(Morris et al., 2006; Mayank et al., 2015).

- NP interacts with RNF43, which can inhibit apoptosis by interacting with
Bax and impairing RNF43 function (Nailwal et al., 2015).

- Unknown (Schultz-Cherry et al., 2001; Lam et al., 2008).

- NS1 interacts with MLKL to induce oligomerization and membrane
translocation (Gaba et al., 2019).

- M1 directly interacts with Hsp70, which then interacts with Apaf-17 to
disrupt apoptosome formation (Halder et al., 2011).

- M2 interacts with the ATG5/Beclin-1 complex to inhibit autophagosome
fusion, promoting apoptosis (Gannage et al., 2009).

- M2-mediated perturbation of ion concentrations triggers activation of the
NLRP3 inflammasome (Ichinohe et al., 2010).

- PB1-F2 activates the NLRP3-ASC inflammasome (McAuley et al., 2013).
- PB1-F2 localizes to the mitochondria and alters mitochondrial permeability
(Gibbs et al., 2003).

- VRNPs are sensed by DAI/ZBP1, which then triggers the downstream cell
death signaling pathway (Kuriakose et al., 2016; Thapa et al., 2016).
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