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Influenza virus infection induces oxidative stress in host cells by decreasing the intracellular content of glutathione (GSH) and increasing reactive oxygen species (ROS) level. Glucose-6-phosphate dehydrogenase (G6PD) is responsible for the production of reducing equivalents of nicotinamide adenine dinucleotide phosphate (NADPH) that is used to regenerate the reduced form of GSH, thus restoring redox homeostasis. Cells deficient in G6PD display elevated levels of ROS and an increased susceptibility to viral infection, although the consequences of G6PD modulation during viral infection remain to be elucidated. In this study, we demonstrated that influenza virus infection decreases G6PD expression and activity, resulting in an increase in oxidative stress and virus replication. Moreover, the down regulation of G6PD correlated with a decrease in the expression of nuclear factor erythroid 2-related factor 2 (NRF2), a key transcription factor that regulates the expression of the antioxidant response gene network. Also down-regulated in influenza virus infected cells was sirtuin 2 (SIRT2), a NADPH-dependent deacetylase involved in the regulation of G6PD activity. Acetylation of G6PD increased during influenza virus infection in a manner that was strictly dependent on SIRT2 expression. Furthermore, the use of a pharmacological activator of SIRT2 rescued GSH production and NRF2 expression, leading to decreased influenza virus replication. Overall, these data identify a novel strategy used by influenza virus to induce oxidative stress and to favor its replication in host cells. These observations furthermore suggest that manipulation of metabolic and oxidative stress pathways could define new therapeutic strategies to interfere with influenza virus infection.
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Introduction

Viral infection is associated with alterations in the intracellular redox balance which are important for the activation of redox-sensitive pathways required for viral replication (Checconi et al., 2020). As an example, influenza A virus, like many viruses, causes an imbalance in the intracellular redox state, characterized by depletion of glutathione (GSH) and an increase in nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4 (NOX4)-mediated reactive oxygen species (ROS) production. The following pro-oxidant state has been shown to favor different steps of viral replication including the folding of surface glycoproteins and the nucleus-cytoplasmic traffic of viral ribonucleoprotein (Cai et al., 2003; Nencioni et al., 2003; Sgarbanti et al., 2011; To et al., 2014; Amatore et al., 2015).

Glucose-6-phosphate dehydrogenase (G6PD) is the rate-limiting enzyme of the pentose phosphate pathway; G6PD plays a central role in cellular physiology, as it is a major source of NADPH that is required by many essential cellular systems to maintain intracellular redox state equilibrium (Yang et al., 2016). Indeed, NADPH is used by the glutathione reductase enzyme to regenerate GSH, the main intracellular antioxidant (Dickinson and Forman, 2002; Forman et al., 2009; van Zwieten et al., 2014).

G6PD deficiency has been associated to an increased susceptibility to Hepatitis A and E virus infections (Miri-Aliabad et al., 2017; Ahmad et al., 2018), while other studies demonstrated that G6PD-deficient cells supported enterovirus 71 replication more efficiently than control G6PD-expressing cells (Ho et al., 2008). In G6PD-knockdown cells, higher ROS production correlated with increased human coronavirus (HCoV) 229E replication (Wu et al., 2008), and it was recently suggested that individuals affected by G6PD deficiency may be more susceptible to SARS-CoV-2 infection (Buinitskaya et al., 2020; Jain et al., 2020; Vick, 2020). Overall, these data indicate that G6PD levels play an important role in regulating the susceptibility to viral infection and the extent of viral replication. How G6PD expression and enzymatic activity may be modulated during influenza virus infection remains unexplored, as does its role in virus-induced oxidative stress and viral replication.

The expression of G6PD is regulated predominantly by the intracellular antioxidant response network, which is controlled in turn by the transcription factor nuclear factor erythroid 2-related factor 2 (NRF2) (Rojo de la Vega et al., 2018; Baird and Yamamoto, 2020). Normally, NRF2 is retained in the cytoplasm in association with Kelch like-ECH-associated protein 1 (KEAP1) that promotes NRF2 degradation via the Cullin 3 complex and the ubiquitin-proteasome pathway. Oxidative stress-induced ROS accumulation disrupts the NRF2-KEAP1 complex, leading to nuclear translocation of NRF2 and transcriptional induction of antioxidant response genes, including those involved in the GSH synthesis, ROS elimination and NADPH production (Shaw and Chattopadhyay, 2020). Moreover, it was reported that the modulation of pentose phosphate pathway, as well as G6PD expression, can regulate NRF2 pathway activation, implying that G6PD and NRF2 may crosstalk with each other to maintain cellular redox homeostasis (Heiss et al., 2013).

In addition to transcriptional induction of G6PD expression by NRF2, G6PD enzymatic activity is regulated by post-translational modifications including lysine acetylation (Kim et al., 2006; Choudhary et al., 2009). Sirtuin 2 (SIRT2), a member of the sirtuin NAD+-dependent deacetylase family (Singh et al., 2018), has been shown to regulate G6PD deacetylation during oxidative stress. Indeed, SIRT2 mediates deacetylation of G6PD at lysine 403 (K403) and promotes NADPH production, thus restoring antioxidant defense and increasing the levels of GSH (Wang et al., 2014; Xu et al., 2016).

In the present study, we investigated: 1) whether influenza virus modulates G6PD expression and activity; and 2) whether G6PD modulation plays a role in virus-induced redox changes and viral replication. Our data identify G6PD modulation as a novel mechanism exploited by influenza virus to induce oxidative stress in host cells and favor its replication and suggest that the rescue of antioxidant response could represent a new cell-targeted strategy to interfere with influenza virus infection.



Materials and Methods


Cell Cultures and Infection

A549 (Human Lung Carcinoma cells), MDCK (Madin-Darby Canine Kidney cells), HEK293 (Human Embryo Kidney cells) and BEAS-2B (Human Lung Epithelial cells) were grown in Dulbecco’s modified Eagle’s medium (DMEM) or in Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum (FBS), 0.3 mg/ml glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. Confluent monolayer of cells was challenged with influenza A virus strain human A/Puerto Rico/8/34 H1N1 (PR8), A/California/7/2009/H1N1 (pH1N1) or avian Parrot/Ulster/73 H7N1 (H7N1) influenza virus strains at 0.3 MOI of infection for 1 h at 37°. After the viral adsorption, the cells were washed with phosphate-buffered saline (PBS) and then incubated with medium supplemented with 2% FBS for 24 h. Virus production was determined in the supernatants of infected cells, by measuring the hemagglutinating units (HAU) or the tissue culture infectious dose 50 (TCID50) as previously described (Nencioni et al., 2003).



Silencing of G6PD in A549 Cells

A549 cells were seeded in 12-well culture plates at a density of 5x105 cells per well in DMEM with 10% FBS and antibiotics. After 24 h cells were subjected to transfection with G6PD siRNA and control siRNA (scrambled sequence used as negative control) purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Human G6PD siRNA (sc-60667) or Control siRNA (sc-307007) were used at different concentrations (1-5-10 nM) to identify the optimal concentration for a significant decrease of G6PD expression. For the optimal siRNA transfection was used the INTERFERin reagent (Polyplus trasfection). The G6PD expression inhibiting concentration (10 nM) was used for all silencing experiments. After 24 h of transfection siG6PD A549 cells were infected with PR8 for other 24 h, then cells were processed for the relative experiments.



A549 NRF2 -/- Generation

NRF2 KO A549 cells were a kind gift of Christian K. Holm (Aarhus University). Briefly, the hNRF2 specific guide RNA sequence 5′-GCTGAAAACTTCGAGATATA-3′ was cloned into pLentiCRISPR/Cas9 V2 plasmid (a gift from Feng Zhang, Addgene #52961); the engineered vector was validated by Sanger sequencing and subsequently transfected in HEK293 cells, together with pMD.2G (Addgene), pRSV.Rev (Addgene) and pMDlg/p-RRE (Addgene), to produce infectious lentivirions. Knockout of NRF2 gene product was validated by immunoblotting.



Real-Time PCR Assay

For G6PD, NRF2 and NP mRNA quantification, total RNA was isolated from cell lysates (Total RNA Purification Plus Kit, Norgen Biotek, Thorold, ON, Canada) and used as a template for generating cDNA (iScript cDNA Synthesis Kit, Bio-Rad, Milan, Italy). An aliquot of the cDNA was subjected to 40 cycles of RT-qPCR amplification (95°C, 10 sec; 60°C, 30 sec) using iQ SYBR Green Supermix and a LightCycler iQ 5 (Bio-Rad, Milan, Italy). The housekeeping gene ribosomal subunit 18S was used for normalization. Relative quantitative evaluation was performed by the comparative ΔΔCt method.



Protein Extraction and Western Blot Analysis

Influenza virus-infected cells were lysed with RIPA lysis buffer [20 mM Tris–HCl pH 8, 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), 0.5%] supplemented with phenylmethylsulfonyl fluoride, protease inhibitor mixture, and phosphatase inhibitor (Sigma- Aldrich, Milan, Italy) and total extract was analyzed by SDS-PAGE followed by western blotting with anti-G6PD (#12263 Cell Signaling), anti-NRF2 (#12721 Cell Signaling) anti-SIRT2 (MAB4358 R&D systems) and anti-influenza (AB1074 Merck Millipore, Darmstadt, Germany) antibodies. The nuclear and cytoplasmic separation was performed by using NE-PER™ extraction kit (#78833 ThermoFisher). The nuclear fraction was loaded on SDS-PAGE and NRF2 protein analyzed by western blot with anti-NRF2 antibody (#12721 Cell Signaling). HRP-linked anti-rabbit, anti-mouse and anti-goat (Jackson ImmunoResearch, Newmarket,UK) were used as secondary antibodies. The membranes were developed using Clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA).



G6PD Activity and GSH Production Assay

Equal amount (5x105 cells) of A549 cells were seeded in a 6 multiwell plate and incubated for 24 h at 37°C. Then cells were infected with PR8 or mock-infected and after the following 24 h were lysed and the cellular extracts were analyzed for G6PD activity by using a colorimetric assay kit (#K757 Biovision). In the assay, glucose-6-phosphate is oxidized with the generation of a product which is utilized to convert a nearly colorless probe to an intensely colored product with an absorbance at 450 nm measured by a Multiskan EX Reader (Thermo Fisher Scientific, Monza, Italy). One unit is defined as the amount of enzyme that catalyzes the conversion of 1.0 μlmol of glucose-6-phosphate into 6-phosphoglucono-δ-lactone and generates 1.0 μmol of NAD+ to NADH per minute at 37°C. G6PD activity was extrapolated by a standard NADH curve. Data obtained from infected cells were expressed as percentage (%) compared to those from mock-infected cells (considered as 100%).

Intracellular glutathione (GSH) and oxidized forms of glutathione (GSSG) were measured in siG6PD and control siRNA cells by using the Glutathione Assay Kit (ADI-900-160 Enzo) following the manufacturer’s instructions, after deproteinization with metaphosphoric acid of the cell lysates. For GSSG quantification, an aliquot of deproteinized samples was first incubated with 2-vinylpyridine to derivatize GSH. Reduced GSH levels were obtained by differences between total GSH and GSSG and normalized to protein content of each sample determined by Bradford method (Bio-Rad, Hercules, CA, USA).



In Cell Western Assay

A549 cells were seeded at a density of 2x104 cells per well in a 96 multiwell plate. The monolayer was infected and after 24 h cells were washed with PBS twice and fixed with 50μl of 4% paraformaldehyde in PBS for 15 min at room temperature (RT), and then were permeabilized in 0.1% triton X-100 PBS for 5 min at RT. Following the incubation with Odyssey blocking buffer for 1 h at RT, cells were incubated with anti-G6PD (1:1000 sc-373886 Santa Cruz) or anti-influenza (AB1074 Merck Millipore, Darmstadt, Germany) antibodies. Afterward, labeled secondary IRDye 800 CW Goat Anti Mouse antibody (926-32210 LI-COR Biosciences, 1:3000 dilution in Odyssey Blocking buffer) and Cell Tag 700 Stain (926-41090, LI-COR Biosciences, 1:4000) were added to each well and after 1 h, cells were washed four times with PBS containing 0.1% Tween-20. Finally, the plate was scanned on the Odyssey Infrared Imager and the integrated intensities of fluorescence were determined by the LI-COR Image Studio software. The relative fluorescence unit (RFU) for each protein was normalized to Cell Tag and it was expressed as percentage compared to mock-infected cells (100%).



Immunoprecipitation Assay

A549 cells were seeded at a density of 1.5x106 cells per well and after 24 h the monolayer was infected with PR8 virus for 24 h. Cells were lysed with Lysis Buffer (10 mM Tris, 150 mM NaCl, and 0.25% NP-40, pH 7.4) and the total extract was preclearing with Prot A/G (sc 2003 Santa Cruz) over night at 4°C. After a centrifugation the supernatant was incubated with G6PD antibody (sc 373886 Santa Cruz) over night at 4°C and then immunoprecipitated for 2 h with Prot A/G. After 3 washes with the wash buffer (Tris 20 mM, NaCl 0.5M, Np40 0.25%, PMSF 1 mM) the samples were loaded on SDS-PAGE and analyzed by western-blot using anti-Acetyl Lisine antibody (#9441 Cell Signaling).



AGK2 Treatment

A549 cells were seeded and treated with a SIRT2 inhibitor (AGK2, Santa Cruz) at different concentrations (from 3.5 to 30 μM) in order to select the optimal concentration to maintain cell viability. After 24 h, cells were infected with PR8 virus. Cells were lysed and then loaded in SDS-PAGE and analyzed by western blot by using anti-SIRT2 (MAB4358 R&D systems) and anti-G6PD (sc-373886 Santa Cruz) antibodies.



iP300 Treatment

Confluent monolayer of A549 cells challenged with PR8 virus for 1 h at 37°C. After the viral adsorption the cells were washed with phosphate-buffered saline (PBS) and then incubated with iP300 molecule diluted in medium supplemented with 2% of FBS for 24 h. For the evaluation of the antiviral activity, the iP300 inhibitor was dissolved in DMSO and then diluted to the final concentrations of 25 μM in the cell culture medium. The highest DMSO concentration present in the culture medium was 0.2%. Control cells were treated with DMSO alone at the same concentration.



Statistical Analysis

Statistical analyses were carried out using a two-tailed Student’s test. A P value < 0.05 was considered statistically significant. The data represents the mean of replicate experiments and the relative standard deviation (SD). Statistical analysis was performed by GraphPad Prism™ 6.0 software (GraphPad Software Inc., San Diego, California, USA).




Results


Influenza Virus Infection Reduces G6PD Expression and Activity

To examine the effect of influenza virus infection on G6PD expression and activity, A549 cells were infected with different strains of influenza virus and G6PD expression was monitored 24 h later (post infection, p.i.). As shown in Figure 1A, influenza virus A/PR/8/H1N1 (PR8) infection induced a significant decrease in G6PD protein expression by 60%. Similarly, in influenza virus A/California/7/2009/H1N1 (pH1N1) or avian Parrot/Ulster/73 H7N1 (H7N1) infected cells, G6PD protein was reduced by 50 and 70% respectively. These results were also confirmed through in cell western assay that detected a significant reduction of G6PD expression in A549 PR8 infected cells (IV) at 24 h after infection (Figure 1B). Consistently, under the same experimental conditions, G6PD enzyme activity was found reduced by 60% (**P < 0.001) (Figure 1C). These data indicate that influenza virus down-regulates both expression and enzymatic activity of G6PD.




Figure 1 | Influenza virus infection reduces G6PD expression and activity. (A) Western blot analysis of G6PD protein expression in A549 cells infected for 24 h with influenza virus A/PR/8/H1N1 (PR8), A/California/7/2009/H1N1 (pH1N1) or avian Parrot/Ulster/73 H7N1 (H7N1) influenza virus strains. Actin was used as loading control for the densitometry analysis of three independent experiments, each performed in duplicate (n = 6). Data are expressed as mean ± S.D. (**P < 0.001 vs Mock). (B) In Cell Western assay (ICW) of G6PD expression in Mock and influenza virus A/PR/8/H1N1 (IV) infected A549 cells. The images represent the expression of G6PD protein (green fluorescence) and of cell monolayer (red fluorescence - CELL TAG). The graph represents the percentage (%) of Relative Fluorescence Units (RFU) of G6PD expression normalized to CELL TAG of IV cells compared to Mock (considered as 100%). The analysis was performed measuring the RFU values of 4 different fields/well for each condition of the three experiments performed. Data are expressed as mean ± S.D. (*P < 0.05 vs. Mock). (C) G6PD activity evaluated in Mock and IV cells 24 h p.i. The values were normalized with those of the standard NADH curve, as described in materials and methods and the activity of the enzyme was reported as percentage (%) vs Mock. Data are the mean ± S.D. from three separate experiments each performed in triplicate (n = 9), (**P < 0.001 vs. Mock).





G6PD Knockdown on Infected Cells Exacerbates the Virus-Induced Oxidative Stress and Influenza Virus Replication

As stated above, basal G6PD activity contributes to the regeneration of NADPH that is required for the maintenance of the cellular GSH pool (Salvemini et al., 1999); indeed, cells deficient in G6PD are incapable of regenerating sufficient NADPH following cellular stress (Yang et al., 2019). Therefore, we evaluated the effect of G6PD deficiency on the GSH production during influenza virus infection using siRNA mediated silencing of G6PD expression (10 nM of siRNA for 48 h) that silenced G6PD expression by 70% (Figure 2A). Scrambled sequence was used as negative control (control siRNA), as described in Materials and Methods.




Figure 2 | G6PD knockdown in infected cells exacerbates the virus-induced oxidative stress and influenza virus replication. (A) Western blot analysis of G6PD protein expression in A549 mock-infected control cells (Mock) and PR8-infected cells (IV) transfected with siRNA specific to G6PD (siG6PD) or with a control non-targeting siRNA (*P < 0.05 vs. Mock control cells). (B) Intracellular GSH/GSSG ratio measured after 24 h from infection by a colorimetric assay as described in methods and represented as percentage (%) respect to mock-infected control siRNA cells (considered 100%). The graph represents the mean ± S.D. obtained from three separate experiments, each performed in duplicate (n = 6) (*P < 0.05 IVsi vs. IV; **P < 0.001 I vs. Mock and IVsi vs. Mocksi). (C) Western blot analysis of viral proteins: HA, Hemagglutinin; NP, Nucleoprotein; NA, Neuraminidase; M1, Matrix 1. The densitometry analysis was performed on three viral proteins normalized to Actin. Results are the mean ± S.D. obtained from three independent experiments, each performed in duplicate (n = 6) (*P < 0.05 vs. IV). In the right panel is represented the analysis of NP mRNA expression by RT-qPCR in infected control or silenced cells. Data are expressed as mean ± S.D, obtained from two independent experiments (*P < 0.05 vs. IV). (D) Viral load released in the supernatants of IV and IVsi A549 cells measured by TCID50 assay (*P < 0.05) (upper panel). Results are representative of one experiment of the three performed. In the bottom panel, ICW assay of the same supernatants. The images show viral proteins expression (green fluorescence) stained with anti-influenza antibody and cell monolayer (red fluorescence, CELL TAG). The graph shows the percentage (%) of RFU obtained from viral proteins normalized to CELL TAG of IVsi cells compared to IV (considered as 100%). The analysis was performed measuring the RFU values of 4 different fields/well for each condition from the three experiments performed. Data are expressed as mean ± S.D (*P < 0.05 vs. IV).



As shown in Figure 2B, G6PD silencing in mock-infected cells induced a decrease of GSH/GSSG ratio (~40% decrease) compared to mock control siRNA cells. As expected, we found that the GSH/GSSG ratio was decreased in both infected conditions (~65% compared to mock-infected counterparts, **P < 0.001). Interestingly, in siG6PD infected cells this ratio was significantly lower with respect to control siRNA infected cells (*P < 0.05). These data suggest that G6PD impairment contributes to the reduction in GSH levels during infection.

G6PD silencing was paralleled by a higher viral replication at 24 h, as determined by densitometry quantification of hemagglutinin (HA), nucleoprotein (NP) and matrix protein type 1 (M1), (50% of increase) (*P < 0.05) (Figure 2C, left panel). Accordingly, the NP mRNA expression was found increased in siG6PD infected cells compared to control ones (Figure 2C, right panel) (*P < 0.05). The TCID50 assay also demonstrated that the viral titer was 1.3 log higher in siRNA silenced cells (Figure 2D, upper panel) (*P < 0.05). Similarly, ICW analysis showed that cells silenced for G6PD displayed higher expression (~60%) of viral proteins compared to infected control cells (*P < 0.05) (Figure 2D, bottom panel).



G6PD Protein Level Decrease Is Related to a Drop in the NRF2-Mediated Antioxidant Response During the Infection

To investigate the mechanism through which influenza virus induces G6PD protein decrease, we analyzed the expression of total NRF2 protein, that is involved in the antioxidant response activation, as well as in G6PD transcription (Ramezani et al., 2018).

We found that NRF2 expression was strongly reduced in cells infected with 3 and 0.3 MOI; similarly, G6PD expression showed a reduction at the same conditions (Figure 3A) suggesting a possible involvement of NRF2-mediated antioxidant response in regulating G6PD during IV infection. The virus-mediated decrease of G6PD and NRF2 protein expression was also confirmed in three others cell lines, MDCK, HEK293 and BEAS-2B known to be highly permissive to influenza virus infection (Nencioni et al., 2003; Amatore et al., 2015) (Supplementary Figure 1).

To verify the hypothesis that the down-modulation of the antioxidant pathway could promote virus replication in a manner similar to G6PD depletion (Figure 2C), viral proteins were measured in A549 cells knocked out for NRF2 using CRISPR/Cas9. As shown in Figure 3B (left panel), the virus proteins expression stained with anti-Flu antibodies was increased in NRF2-/- cells (IV NRF2-/-) compared to influenza virus infected wild type A549 cells (IV), suggesting that the absence of the NRF2-mediated antioxidant response is useful for promoting viral replication. Accordingly, influenza virus titer measured in NRF2 -/- cells by HAU and TCID50 assays at 18 and 24 h after infection, was higher compared to IV (Figure 3B, right panel).




Figure 3 | Downregulation of NRF2-mediated antioxidant response improves influenza virus infection. (A) Western blot analysis of NRF2 and G6PD protein expression in A549 cells infected with different MOI (3, 0.3 and 0.03) of PR8 for 24 h. Actin was used as loading control. Data are the mean ± S.D. of two independent experiments, each condition run in duplicate (n = 4) (*P < 0.05 and **P < 0.001 vs. Mock). (B) ICW of viral proteins expression in A549 wild-type (IV) and A549 NRF2 -/- cells (IV NRF2 -/-) (left panel). The images show viral proteins expression (green fluorescence, anti-Flu) and cell monolayer (red fluorescence, CELL TAG). The graph represents the percentage (%) of RFU obtained from viral proteins normalized to CELL TAG. The analysis was performed measuring the RFU values of 4 different fields/well for each condition from the three experiments performed. Data are expressed as mean ± S.D. (*P < 0.05 vs. IV). Viral titer measured in the supernatants of A549 wild-type (IV) and A549 NRF2 -/- cells (IV NRF2 -/-) by Hemagglutination (HAU) and TCID50 assays (right panel). (C) Western blot analysis of G6PD expression in NRF2 -/- or wild type A549 cells infected with PR8 virus (IV conditions) for 24 h. Densitometry analysis of data obtained from two experiments performed; the values are expressed as mean ± S.D. (**P < 0.001, Mock vs. Mock -/-; *P < 0.05, IV vs. IV -/-). In the right panel is represented the analysis of NRF2 protein expression in the nuclear extracts of silenced G6PD or normal cells infected or not with PR8 virus (IV), left panel. Lamin was used as loading control. Densitometry analysis of data obtained from the two experiments performed; the values are expressed as mean ± S.D. (**P < 0.001, IV vs. Mock; *P < 0.05, IVsi vs. IV).



Moreover, G6PD expression was further reduced in NRF2-/- cells compared to infected wild type cells (Figure 3C, left panel), indicating a correlation between the modulation of the antioxidant response and G6PD protein decrease.

Interestingly, the inhibition of G6PD or the interference with the pentose phosphate pathway hampers the NRF2-mediated detoxification of cells (Heiss et al., 2013). Based on this evidence, we examined the NRF2 activation in G6PD silenced conditions by evaluating the NRF2 nuclear localization. As expected from the results obtained in Figure 3A, virus infection decreased NRF2 nuclear translocation by 60%, compared to mock-infected cells (Figure 3C, right panel). Moreover, the absence of G6PD negatively affected NRF2 pathway. Indeed, in siG6PD cells the NRF2 protein was further decreased compared to control cells, in both mock-infected and virus-infected cells (Figure 3C, right panel).

Next, to evaluate whether the down-regulation of G6PD expression in infected cells is mediated by a reduction of its transcription factor, both NRF2 and G6PD mRNA and protein levels were analyzed at different times (2-24 h) of infection. As shown in Figure 4A, the expression of NRF2 mRNA decreased within hours of influenza virus infection, with the lowest levels observed at 18 h and 24 h (**P < 0.001); NRF2 protein levels displayed similar kinetics (Figure 4B). Expression of G6PD mRNA was found to decrease at 8 h after infection until 24 h (*P < 0.05) (Figure 4A), while G6PD protein levels significantly decreased beginning at 16 h p.i (*P < 0.05) (Figure 4B). These results demonstrate that a decrease in the NRF2-mediated antioxidant response, as result of NRF2 inhibition, contributed to the decrease in G6PD expression after infection.




Figure 4 | G6PD protein reduction is mediated by a drop in the NRF2-mediated antioxidant response during the infection. (A) RT-qPCR analysis of NRF2 and G6PD gene expression during a time course (from 2 to 24 h p.i.) of PR8 virus infection. The analysis of NRF2 (blu line) and G6PD (red line) mRNA levels normalized to those of 18S (control) was performed in two independent experiments, each performed in duplicate (n = 4). Values are expressed as the mean ± S.D. (*P < 0.05 vs. 0 h, Mock-infected cells). (B) Western blot analysis of NRF2 (blu line) and G6PD (red line) protein synthesis during a time course (from 2 to 24 h p.i.) of PR8 infection. Actin was used as loading control. The densitometry analysis of values was obtained from two independent experiments, each sample run in duplicate. Data are the mean ± S.D. (n = 4) (*P < 0.05 and **P < 0.001 vs. Mock).





G6PD Acetylation Increases With the Infection and Correlates With A Down-Modulation of SIRT2 Deacetylase

Influenza virus infection resulted in a decrease of G6PD expression at both the protein and activity levels. To determine whether inhibition of G6PD activity by influenza virus infection involved post-translational mechanisms other than antioxidant gene regulation, we next evaluated the role of SIRT2 in regulating G6PD dimer formation, based on previous studies demonstrating that deacetylation of G6PD at Lys403 stimulated dimer formation and consequently the G6PD activity (Wang et al., 2014). G6PD, immunoprecipitated from influenza infected or mock-infected cells and probed with anti-acetyl lysine antibody, showed a higher level of lysine residue acetylation in influenza virus-infected cells (**P < 0.001) (Figure 5A), thus indicating that G6PD was modulated by post-translational acetylation/deacetylation after influenza virus infection. Furthermore, SIRT2 deacetylase expression was shown to be significantly reduced after virus infection (*P < 0.05) (Figure 5B). Using a selective inhibitor of SIRT2 deacetylase (AGK2) (Outeiro et al., 2007), G6PD activity was further decreased in A549 cells compared to infected untreated cells (*P < 0.05) (Figure 5C). Since G6PD levels were also reduced in mock-infected treated cells (data not shown), our data suggest a direct correlation between SIRT2 and G6PD activity during infection. To determine if G6PD activity could be increased in infected cells by restoring SIRT2 activity, A549 cells were treated with C646, an inhibitor of acetyltransferase p300 known to down-regulate the activity of SIRT2 (Han et al., 2008). The treatment with C646 for 24 h p.i. by restoring SIRT2 functionality increased G6PD activity in influenza virus infected cells (Figure 5C), as well as in mock-infected cells (data not shown). Together, these results establish a close relationship between the acetylation/deacetylation of G6PD and its activity in influenza virus infected cells.




Figure 5 | G6PD is more acetylated after the infection and it correlates with a downmodulation of SIRT2 deacetylase. (A) Immunoprecipitation assay of G6PD protein in mock-infected control (Mock) and PR8 virus-infected A549 cells (IV) 24 h p.i. Blot is representative of two independent experiments and shows the G6PD expression of total cell lysate (INPUT) and in the immunoprecipitated (IP) samples. Densitometry analysis in the graph shows the ratio of Acetylated Lysine on the immunoprecipitated protein (Acetyl Lys/G6PD) of two independent experiments performed in duplicate (n = 4). Data are the mean ± SD (**P < 0.001 vs. Mock). (B) Western blot analysis of SIRT2 protein expression in A549 cells infected with PR8 virus for 24 h. The graphs represent the densitometry analysis of SIRT2 protein expression. Actin was used as loading control for the analysis of three experimental replicates (n = 3). Data are the mean ± SD (*P < 0.05 vs. Mock). (C) G6PD activity in A549 infected cells treated with AGK2 inhibitor (IV+AGK2) or with iP300 (IV+iP300). The values were normalized with those of the standard NADH curve as described in materials and methods. G6PD activity is expressed as percentage (%) with respect to that obtained from untreated-infected cells which is indicated by the dashed black line (considered as 100%). Data are represented as mean ± S.D. obtained from three experiments performed (*P < 0.05 vs. IV untreated cells).





The Re-Activation of SIRT2 and G6PD Rescues the Antioxidant Response and Decreases Viral Titer

To confirm the role of SIRT2 and G6PD in regulating influenza virus replication, viral titer was measured in A549 cells treated with the inhibitor of p300 compared with untreated cells. As shown in Figure 6A, viral titers measured at different times (8-24 h) from infection decreased after iP300 treatment. Moreover, in both infected and mock-infected cells treated with inhibitor, levels of NRF2 and G6PD proteins (Figure 6B), as well as intracellular GSH/GSSG ratio (Figure 6C), increased in comparison to untreated cells. The results are consistent with previous studies demonstrating the capacity of SIRT2 to induce NRF2 activation and GSH production (Cao et al., 2016). Moreover, the reduction in influenza virus titer by restoration of the antioxidant pathway is in line with our previous data reporting that reducing conditions play a key role in controlling viral replication (Sgarbanti et al., 2011; Celestino et al., 2018; Di Sotto et al., 2018; Amatore et al., 2019). Altogether, these results identify an additional mechanism used by influenza to down-modulate G6PD enzyme at the level of deacetylation/acetylation. Virus-induced down-regulation of G6PD occurred both at the transcriptional level via NRF2 modulation, and at the level of SIRT2-dependent deacetylation.




Figure 6 | Treatment with P300 inhibitor rescues the antioxidant response and decreases viral titer. (A) Viral titer measured at different time after infection (8-24 h) in the supernatants of infected (IV) and infected cells treated with 25 mM C646 (IV+iP300) cells by Hemagglutination assay (HAU). (B) Western Blot analysis of NRF2 (left panel) and G6PD (right panel) proteins in A549 cells treated with iP300 (C646). Actin was used as loading control. Densitometry analysis of two technical replicates of one representative experiment. Data are the mean ± S.D. (*P < 0.05 vs. Mock or IV not treated cells; **P < 0.001 vs. not treated cells). (C) The intracellular GSH/GSSG ratio measured in the same conditions using a colorimetric assay. Data are the mean ± S.D. of three technical replicates of one representative experiment (*P < 0.05 vs. Mock and IV not treated cells).






Discussion

In the present study, we identify a novel mechanism used by influenza virus to tip the intracellular redox balance towards increased oxidative stress for its own replicative advantage (Figure 7). Specifically, we demonstrated that the virus down-modulates G6PD enzyme at protein and activity levels (Figure 1). Importantly, G6PD plays a pivotal role in restoration of NADPH-dependent GSH levels (Lu, 2009; Yang et al., 2019). Previous data, including ours, demonstrated that influenza virus infection caused an imbalance of the intracellular redox state, resulting in elevated oxidative stress, by increasing ROS production and depleting GSH (Cai et al., 2003; Nencioni et al., 2003; Sgarbanti et al., 2011; To et al., 2014; Amatore et al., 2015; Celestino et al., 2018; Checconi et al., 2020). Here we further demonstrated that the decrease of G6PD expression was accompanied by an increase in oxidative stress and virus replication (Figure 2).




Figure 7 | Influenza virus infection affects the host antioxidant response. Schematic representation of the main redox-related pathways modulated by influenza virus infection. NRF2 protein is present at lower level into the nucleus of host infected cells, leading to a drop of the antioxidant gene expression, including G6PD. The reduction of SIRT2 expression affects the activation of G6PD enzyme that in turn leads to GSH/GSSG ratio decrease. Moreover, the infection induces oxidative stress condition also by increasing the NOX4-mediated ROS production. Finally, we observed that the rescue of NRF2 and G6PD expression impairs influenza virus replication. NOX4, nicotinamide adenine dinucleotide phosphate oxidase 4; ROS, reactive oxygen species; NRF2, nuclear factor erythroid 2-related factor 2; ARE, antioxidant response elements; G6PD, glucose-6-phosphate dehydrogenase; GSH, glutathione; GSSG, oxidized form of GSH; SIRT2, sirtuin 2; Ac K403, acetylated lysine 403; RNP, ribonucleoprotein.



Several viruses induce oxidative stress conditions by modulating the NRF2 antioxidant response pathway (Ramezani et al., 2018); for example, Dengue virus induces NRF2 degradation, leading to increased ROS production and oxidative stress, as well as suppression of the host antiviral response (Ferrari et al., 2020). Modulation of NRF2 activity by influenza virus has also been previously demonstrated, although conflicting data have been reported. On the one hand, influenza virus-induced oxidative stress activated the NRF2 antioxidant network, which in turn protected infected cells against virus-induced cellular injury (Kosmider et al., 2012); on the other hand, proteomic analysis identified a phosphorylated form of NRF2 that was not imported into the nucleus after the infection with highly pathogenic influenza virus strains (Simon et al., 2015), suggesting that influenza virus inhibited NRF2 pathway activation. Furthermore, overexpression of NRF2 in alveolar epithelial cells decreased virus replication and the associated oxidative stress, whereas NRF2 knockdown conferred increased susceptibility to influenza A virus infection (Kesic et al., 2011). Consistent with these latter observations, we also found that NRF2 expression was reduced after the infection (Figure 3A), leading to increased virus multiplication (Figure 3B), supporting the view that the influenza virus disabled the NRF2 antioxidant response to facilitate its own replication.

Literature evidence reported that in lung adenocarcinoma epithelial cells, mutations in Keap1 genomic locus result in the increase of NRF2 pathway activation (Singh et al., 2006). Accordingly, in our model we found a higher expression of NRF2 protein in the total extract of A549 uninfected cells. The fact that these cells contain high NRF2 expression at physiological level, further supports the observed NRF2 protein decrease in infected cells and confirms the regulation of host antioxidant response by viral infection (Figure 3A). Indeed, we observed a reduction of both NRF2 and G6PD expression also in non-tumor cell lines such as MDCK, HEK293 and BEAS-2B (Supplementary Figure 1) indicating the modulation of NRF2 pathway also in normal infected cells.

Accordingly, we observed that NRF2 nuclear localization was decreased after the infection (Figure 3C, right panel). Moreover, NRF2 activity was further decreased in cells silenced for G6PD, consistent with those studies demonstrating that a functional pentose phosphate pathway is linked to the NRF2-mediated antioxidant response (Heiss et al., 2013). Interestingly, influenza virus inhibited NRF2 expression within 2 h of infection and induced a subsequent inhibition of downstream antioxidant genes, including G6PD itself (Figures 4A, B). Overall, these results highlight the regulation of G6PD protein during the infection by NRF2 and underscore the interrelationship between glucose metabolism and susceptibility to viral infections during glucose metabolic alterations, supporting the central role of G6PD pathway modulation.

Along with regulation by redox balance, G6PD activity is also modulated by post-translational acetylation/deacetylation; proteomic acetylome studies revealed that G6PD protein was acetylated at multiple lysine residues, among which Lys403 was a key regulatory site (Lundby et al., 2012; Lemos et al., 2017). We also detected lysine hyperacetylation of G6PD in influenza virus-infected cells, coupled with the inhibition of the SIRT2 deacetylase (Figures 5A, B). Although G6PD protein levels were significantly reduced after influenza virus infection, G6PD protein was highly acetylated, probably due to the decreased activity of SIRT2.

The role of sirtuins in controlling viral replication has been evaluated for different DNA or RNA viruses. Indeed, the knockdown of individual sirtuins, including SIRT2, has been shown to increase the influenza virus replication (Koyuncu et al., 2014). Moreover, treatment with sirtuin modulators including resveratrol and its derivatives have been shown to control different respiratory viral infections (Palamara et al., 2005; De Angelis et al., 2021; Pasquereau et al., 2021). In our model, by restoring the deacetylation activity of SIRT2 using an inhibitor of P300 acetyltransferase (C646), viral replication was reduced (Figure 6A). The inhibitory effect was linked to increased G6PD activity (Figure 5C), NRF2-mediated antioxidant response and intracellular GSH content (Figures 6B, C).

Even though some authors report that p300 controls NRF2 stability (Ganner et al., 2020), others show that SIRT2 stimulation induces NRF2-regulated gene transcription, including those involved in GSH synthesis and pentose phosphate pathway (Cao et al., 2016). Accordingly, our data demonstrate that iP300, by activating SIRT2, was able to upregulate the NRF2-mediated antioxidant response.

Zhao D. et al. (Zhao et al., 2015) showed that C646 modulated several host genes during viral infection, including G6PD. Thus, although we cannot exclude off-target effects, our data suggest that p300/SIRT2 pathway may contribute to the regulation of G6PD activity during IV infection and suggest G6PD as a potential target to control the redox cell environment in virus-infected cells.

Several studies, including epidemiological ones, have likewise established a correlation between NRF2-mediated antioxidant response and viral replication rate (Ramezani et al., 2018; Anticoli et al., 2019; Shytaj et al., 2021). Interestingly, individuals with G6PD deficiency showed a higher prevalence of Hepatitis A and Hepatitis E virus infections than normal individuals (Miri-Aliabad et al., 2017; Ahmad et al., 2018), suggesting that increased oxidative stress in the absence of G6PD determined susceptibility to infection. Furthermore, G6PD-deficient cells supported EV71 replication more efficiently than wild type cells and displayed increased cytopathic effect and loss of viability (Ho et al., 2008). Likewise, G6PD knockdown increased the susceptibility to HCoV 229E infection (Wu et al., 2008), suggesting a correlation between G6PD deficiency and susceptibility to SARS-CoV-2 infection (Buinitskaya et al., 2020; Jain et al., 2020; Vick, 2020). Our data on influenza virus support this view and suggest that G6PD-deficiency contributes to virus susceptibility via increased oxidative stress. Moreover, given the importance of G6PD enzyme in glucose metabolism and its role in metabolic dysfunctions including diabetes, obesity and insulin resistance (Xu et al., 2005; Ham et al., 2013; Park et al., 2017; Wang et al., 2019), we can speculate that the virus-induced down-modulation of G6PD may contribute to the higher susceptibility to influenza virus infection in metabolic disorders (Hulme et al., 2017; Huo et al., 2017; Honce and Schultz-Cherry, 2019).

In conclusion, our data demonstrate that influenza virus exerts a fine regulation of G6PD activity by inducing high levels of oxidative stress that would be beneficial to virus replication. We observed a dual mechanism by which the virus down-modulates G6PD at the level of down-regulation of NRF2 expression and inhibition of SIRT2 activity, although further studies are in progress to identify whether specific viral proteins drive this process.

These results highlight the expression and activity of these redox-sensitive enzymes as potential targets for pharmaceutical strategies aimed at controlling virus replication especially during metabolic disorders.
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Supplementary Figure 1 | Influenza virus infection induces G6PD and NRF2 expression decrease in permissive cell lines. (A) Western blot analysis of G6PD protein expression in MDCK cells infected for 24 h with influenza virus A/PR/8/H1N1 (IV). Actin was used as loading control for the densitometry analysis of two independent experiments. Data are expressed as mean ± S.D (*P < 0.001 vs Mock). (B) Western blot analysis of G6PD and NRF2 protein expression in HEK293 cells infected for 24 h with influenza virus A/PR/8/H1N1 (IV). Actin was used as loading control for the densitometry analysis of two independent experiments. In the right panel, are represented the gene expression analysis of both NRF2 and G6PD during time course experiments (2-24 h). Data are expressed as mean ± S.D. (*P < 0.05 and **P < 0.001 vs Mock). (C) G6PD and NRF2 protein expression in BEAS-2B cell line after 24h of IV PR8 infection. Actin was used as loading control for the densitometry analysis of two independent experiments. In the right panel, are represented the gene expression analysis of both NRF2 and G6PD during time course experiments (2-24 h). Data are expressed as mean ± S.D. (*P < 0.05 vs Mock).
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