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The gut-lung axis is critical during viral respiratory infections such as influenza. Gut dysbiosis during infection translates into a massive drop of microbially produced short-chain fatty acids (SCFAs). Among them, butyrate is important during influenza suggesting that microbiome-based therapeutics targeting butyrate might hold promises. The butyrate-producing bacterium Faecalibacterium duncaniae (formerly referred to as F. prausnitzii) is an emerging probiotic with several health-promoting characteristics. To investigate the potential effects of F. duncaniae on influenza outcomes, mice were gavaged with live F. duncaniae (A2-165 or I-4574 strains) five days before infection. Supplementation of F. duncaniae was associated with less severe disease, a lower pulmonary viral load, and lower levels of lung inflammation. F. duncaniae supplementation impacted on gut dysbiosis induced by infection, as assessed by 16S rRNA sequencing. Interestingly, F. duncaniae administration was associated with a recovery in levels of SCFAs (including butyrate) in infected animals. The live form of F. duncaniae was more potent that the pasteurized form in improving influenza outcomes. Lastly, F. duncaniae partially protected against secondary (systemic) bacterial infection. We conclude that F. duncaniae might serve as a novel next generation probiotic against acute viral respiratory diseases.
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Introduction

Influenza is a seasonal, acute, communicable, epidemic respiratory illness caused by influenza viruses (1–3). It has been estimated that influenza leads to up to 500,000 deaths per year worldwide (4). Every 20 to 30 years, novel influenza strains (mostly influenza A viruses, IAVs) emerge in humans (after transmission from an animal host) and cause pandemic disease (5). Influenza viruses affect the upper and lower respiratory tracts; the resulting illness is sometimes severe, as characterized by intense fever, cough, headache, and lung inflammation. In some cases, influenza is followed by secondary bacterial infection or other severe complications (6). Vaccination is still the best way of preventing influenza infections and/or to reducing the severity of the disease. However, the effectiveness of vaccines against seasonal influenza varies significantly, and only 40% to 60% of the vaccinated general population are protected (7). As a result of immunosenescence and immune system suppression or deficiency, older adults and immunocompromised individuals are less well protected and thus more likely to experience a poor disease outcome (including death, in some cases) (8). Hence, new approaches for preventing and managing on influenza epidemics and pandemics are highly desirable.

The gut harbors trillions of microbes; this complex microbial ecosystem has a crucial role in human health via a variety of physiological mechanisms (e.g. strengthening of the gut barrier, stimulation of the host’s metabolism, and immune regulation) (9). A growing body of evidence indicates that the gut microbiota profoundly influences the host’s immunity against respiratory tract viruses and the latter’s pathogenicity; conversely, viral respiratory diseases adversely impact the gut microbiota’s composition and function (10–14). One can reasonably hypothesize that manipulation of the gut-lung axis can influence the management of influenza infections. The results of preclinical studies suggest that antibiotic treatment and thus functional dysbiosis of the gut microbiota enhance susceptibility to influenza (15). Conversely, shaping the intestinal microbiota with probiotics or prebiotics might be instrumental in protecting the body against severe influenza (16–19). In mechanistic terms, the gut microbiota influences the lungs’ defenses and controls pulmonary disease outcomes through a broad panel of microbial metabolites and membrane components (20). The short chain fatty acids (SCFAs) produced by bacterial fermentation are likely to be important factors in this process (12, 21, 22). The main SCFAs produced (acetate (C2), propionate (C3), and butyrate (C4)) have a major impact on health - notably by influencing the host immune responses in and beyond the gastrointestinal tract (including in the lung) (23, 24). It was recently shown that acetate controls the IAV load in the lung and that this effect depended on the free fatty acid receptor 2, the NLRP3 inflammasome, and type I interferons (IFNs) (25). This finding corroborated earlier reports on the protective role of acetate during a respiratory syncytial virus infection (26, 27). It is noteworthy that acetate also protects against post-influenza secondary bacterial infections (28, 29). In contrast, acetate failed to protect against SARS-CoV-2 infection (30, 31). To the best of our knowledge, the putative role of propionate during influenza has not been documented. Trompette et al. highlighted the importance of butyrate in this context (24). Indeed, animals fed a high-fiber diet or supplemented with butyrate are less susceptible to influenza, and this effect was associated with an enhanced effector CD8+ T cell response and less intense lung inflammation. A clinical study of patients undergoing allogeneic hematopoietic stem cell transplantation recently confirmed the important role of butyrate in viral respiratory diseases. In fact, patients with a greater abundance of butyrate-producing bacteria in the gut and elevated fecal butyrate levels were five times less likely to develop viral respiratory diseases (32). The results of clinical studies indicate that infections with respiratory viruses (including IAV and SARS-CoV-2) are associated with a drop in the number of SCFA producers; this may lead to potentially harmful consequences, such as a decrease in numbers of anaerobic butyrate-producing bacteria such as Faecalibacterium, a member of the Clostridium IV group of the Bacillota (previously known as Firmicutes) (33–35).

Faecalibacterium prausnitzii is a well-known butyrate-producing bacterium. It is one of the most abundant commensals in the healthy human gut and accounts for around 5% of the total fecal microbiota (36–38). The results of several clinical studies have shown that the frequency of F. prausnitzii falls dramatically during gut diseases (39–42). We and others have shown that F. prausnitzii has a crucial role in gut health and exhibits strong anti-inflammatory effects in vitro and in vivo (43–47). A recent study showed that F. prausnitzii reduces colorectal colitis in mice by regulating the T regulatory/T helper17 balance (46). More recently, our data in a humanized model showed that F. prausnitzii alleviated intestinal inflammation by stimulating IL-10-secreting, Foxp3-expressing T regulatory cells (characterized by simultaneous CD4 and CD8α expression) (48). Mechanistically, F. prausnitzii’s anti-inflammatory property has been attributed to the production of metabolites such as butyrate (39, 43, 46, 49, 50) and the microbial anti-inflammatory molecule (MAM) protein (47, 51, 52). Recently, new species of the Faecalibacterium genus have been described and some strains including the reference strain A2-165 have been reclassified as F.duncaniae (53). With a view to determining the role of gut butyrate in respiratory viral infections, we investigated the potential protective effect of F. duncaniae strains [notably the reference strain A2-165 and the strain I-4574, shown to produce equal amount of butyrate (54)] in an experimental model of influenza. Our results demonstrate that the prophylactic treatment of mice with F. duncaniae provides protection against influenza by limiting body weight loss, pulmonary viral load, lung/gut injury and secondary (systemic) bacterial infection. These protective effects were associated with a return to pre-influenza levels of SCFAs. The live form of F. duncaniae was more potent than the pasteurized form in alleviating influenza outcomes. Our findings might have applications in the clinical management of viral respiratory diseases.





Results




Oral administration of F. duncaniae protects against experimental influenza

We first investigated the effect of the reference F. duncaniae strain A2-165, which exhibits strong anti-inflammatory activities (43, 55). C57BL/6 mice were supplemented daily via the intragastric administration of A2-165 or vehicle for five days before the administration of a sub-lethal dose of IAV (Figure 1A). The treatment was maintained until sacrifice on day 7 post-infection (7 dpi), the peak of the acute phase. Mock-infected mice served as controls. On average, the IAV-infected mice had lost 12% of their initial body weight on 7 dpi (Figure 1B). Supplementation with A2-165 attenuated the body weight loss resulting from infection, although the difference was not statistically significant. We next sought to determine whether A2-165 influenced viral replication in lungs. Determination of the lung infectious titers in a tissue culture infectious dose (TCID50) assay indicated that A2-165 treatment was associated with a significantly lower viral load at 7 dpi (Figure 1C).




Figure 1 | Effect of F. duncaniae A2-65 administration prior to influenza infection on body weight loss, and lung viral load and inflammation. (A) Schematic representation of the experimental procedure. Male C57BL/6 mice received PBS-glycerol (Vh) or A2-65 (5 x 109 CFU/mouse/day) in PBS-glycerol, 5 days before IAV infection and until the sacrifice. Mice were infected with IAV on day 0 and were sacrificed on 7 dpi. Non-infected vehicle-treated mice (Mock) served as controls. (B) Body weight loss during infection (expressed as percentage initial weight). The right panel shows differences at 7 dpi. (C) Impact of F. duncaniae A2-65 treatment on the pulmonary viral load. The number of infectious particles was quantified using a TCID50 assay. Data are expressed as the mean ± SEM of infectious virus particles per lung. The solid lines correspond to the median values. (D, E) mRNA copy numbers were quantified by RT-PCR (7 dpi). The data are expressed as the mean fold change relative to average gene expression in mock-infected animals ± SEM. (F) Left panel, Representative photomicrographs of lungs from IAV-infected mice (hematoxylin and eosin staining) at 7 dpi. (F) Right panel, Lung pathological scoring. The sum of the subscores is shown (n=8). Statistical analyses were performed on the cumulative score and on individual score parameters. (B–E) A pool of two representative independent experiments is shown (n = 15-20). (F) a single experiment was performed (n = 8). Significant differences were determined using the two-tailed Mann Whitney U test (C–E) left panel), and One-way ANOVA Kruskal-Wallis test (nonparametric), followed by the Dunn’s posttest test ((B) right panel) (* P ≤ 0.05, ** P < 0.01, *** P ≤ 0.001).



The pathogenesis of viral infection is associated with an excessive inflammatory response. We therefore sought to determine the consequences of F. duncaniae A2-165 treatment on lung inflammation, as judged from gene expression assays and a pathology assessment. We first measured the mRNA expression of IFN-stimulated genes (ISGs) and inflammatory genes in the lungs, using quantitative RT-PCR assays. Although it did not reach significance, the level of gene expression of the inducible protein Mx1 - the expression of which is proportional to the virus load at this time – tended to be lower in A2-165-treated animals than in nontreated controls (Figure 1D). Accordingly, the mRNA expression levels of type I IFN (IFN-β) and type II IFN (IFN-γ) - both of which were associated with uncontrolled pro-inflammatory processes and the impairment of lung epithelial regeneration at 7 dpi (56) - were lower in A2-165-treated animals. This was also the case for inflammatory genes, such as Tnfa, Il1b, Il6, Ccl2 and Cxcl2 (Figure 1D). Influenza results in an impairment of the epithelial barrier function (57). Accordingly, the expression of transcripts encoding the transcription factor forkhead box protein J1 (Foxj1, involved in cilium formation) and the Clara cell secretory protein (Cc10, involved in the repair and maintenance of airway integrity) was lower in IAV-infected animals (Figure 1E). Interestingly, A2-165 administration significantly attenuated the relative fall in Foxj1 and Cc10 (not significant) gene expression - suggesting that administration of the bacterium was associated with reinforcement of the lung barrier. Examination of lung sections from IAV-infected mice revealed significant pathological lesions at 7 dpi (Figure 1F, left panel). These changes were alleviated in F. duncaniae-treated animals, as evidenced by less alveolar wall thickening and less inflammatory cell infiltration of the alveoli. The lung histopathology scores were significantly lower in mice treated with A2-165 (Figure 1F, right panel). Taken as a whole, these results show that F. duncaniae A2-165 not only hampered viral replication in the lungs but also diminished lung inflammation.





The protective effect of F. duncaniae is not strain-specific and associates with enhanced type III IFN-Λ production

In order to confirm that F. duncanie’s protective effect was not strain-specific, we evaluated the impact of a second strain (I-4574). Supplementation with I-4574 was associated with significantly less body weight loss during influenza, which indicated a better disease outcome (Figure 2A). Accordingly, the viral load (as determined by the TCID50) was lower in mice that received I-4574 (Figure 2B, left panel). Quantification of the M1 protein transcripts in RT-qPCR assays confirmed this finding (Figure 2B, right panel). To better explore the mechanisms involved in reduced viral load, we evaluated the impact of I-4574 supplementation on the antiviral immune response at early time point (2 dpi). To this end, we measured levels of various IFNs in bronchoalveolar lavage fluids; IFNs are known to be involved in the control of viral replication. Mock-infected mice treated with vehicle or I-4574 were used as controls. While I-4574 had no effect on the production of the type I (IFN-α and IFN-β) and type II (IFN-γ) IFN, it augmented that of the type III IFN IFN-Λ2,3 (Figure 2C and not shown). At this early time point, we failed to detect IFN production in mice infected with influenza (without treatment). It is noteworthy that in the absence of IAV, I-4574 also enhanced IFN-Λ2,3 production, albeit not in a significant manner. Quantification of inflammatory gene expression in the lungs at 7 dpi confirmed the efficacy of I-4574 in this model of infection (7 dpi, Figure 2D). Accordingly, the BALF concentrations of TNF-α and CCL-2 proteins were lower (albeit not significantly) in I-4574-treated mice than in control mice (Figure 2E). Lastly, I-4574 attenuated the lower mRNA expression of markers involved in lung barrier functions, such as Foxj, Cc10, and the tight junction protein Zonula occludens 1 (Zo1) (Figure 2F). We conclude that the protective effect of F. duncaniae is not strain-specific and is associated with enhanced IFN-Λ production soon after infection.




Figure 2 | Effect of F. duncaniae I-4574 administration prior to influenza infection on body weight loss, lung viral load and inflammation, and IFN production in bronchoalveolar lavage fluids. (A) Body weight loss at 7 dpi (n = 5, Mock and n = 10-12, IAV)). (B) left panel, the number of infectious particles was determined using a TCID50 assay. Data are expressed as the mean number of infectious virus particles per lung. The solid lines correspond to the median values. Right panel, quantification of viral M1 protein transcript level in the lung (qRT-PCR assay). Data are expressed as genome copy/μg RNA (n = 10-13). (C) Bronchoalveolar lavage fluids were collected on 2 dpi. Concentrations of IFN-α, IFN-β, and IFN-Λ2,3 are shown (n = 7-8). (B, F) mRNA copy numbers were quantified by RT-PCR (7 dpi). Data are expressed as the mean fold change relative to average gene expression in mock-infected animals (n = 10-13). (E) BALs were collected on 7 dpi and TNF-α and CCL-2 were quantified by ELISA (n = 7-8). (B–F) One of two representative experiments is shown. For all graphs, errors indicate mean ± SEM. Significant differences were determined using the two-tailed Mann Whitney U test (B, D, F) and One-way ANOVA Kruskal-Wallis test (nonparametric), followed by the Dunn’s posttest test (A, C, E) (* P < 0.05, ** P < 0.01, *** P < 0.001).







F. duncaniae treatment induces a distinct shift in gut microbial composition and restores the production of SCFAs during influenza

Influenza infection in mice associates with gut dysbiosis at 7 dpi (21, 28, 58–60). To investigate the potential effects of F. duncaniae supplementation on gut microbiota’s composition during infection, 16S rRNA gene amplicon sequencing was performed on fecal samples. As expected, IAV induced changes in the composition of the gut microbiota at 7 dpi (Figure 3). Weighted Unifrac-based principal component analysis (PCA) plot revealed that the two IAV-infected groups clustered away from the mock-infected group (P = 0.004 for the vehicle group and P = 0.001 for the F. duncaniae group as assessed by permutational multivariate analysis of variance, PERMANOVA) (Figure 3A and not shown). The infected group that received F. duncaniae separated from the vehicle control group, although not significantly (P = 0.136, PERMANOVA). We next analyzed the composition of the gut microbiota at different taxonomic levels. At the phylum level, IAV led to a significant increased relative abundance of Bacteroidota (previously known as Bacteroidetes), Verrucomicrobiota, Pseudomonadota (Proteobacteria) and Cyanobacteriota (Figure 3B, left panel and Supplementary Figure 1B). On the other hand, IAV associated with a drop of Bacillota (Firmicutes). Supplementation with F. duncaniae significantly attenuated changes in Verrucomicrobiota and Cyanobacteriota relative proportions (Figure 3B). A significant impact of F. duncaniae was also observed at lower taxonomic levels (Supplementary Figure 1C for the class). Linear discriminant analysis effect size (LEfSe) analyses revealed that, at genus levels, F. duncaniae supplementation augmented the relative frequency of the SCFA producing bacteria Dubosiella (Bacilllota) and Muribaculaceae UBA3263 (Bacteroidota) (Figures 3C, D). On the other hand, it significantly reduced the IAV-induced augmentation of Akkermansia (Verrucomicrobiota), Odorobacter (Bacteroides) and crytpobacteroides (Bacteroides). In line with the fact that it does not colonize in the mouse gut (61, 62), we failed to detect F. duncaniae by quantitative PCR. Collectively, F. duncaniae administration impacted on gut dysbiosis during influenza.




Figure 3 | Impact of F. duncaniae supplementation in IAV-infected mice on the production of SCFAs. (A) Seven days after IAV infection, fecal contents were collected for 16S rRNA profiling. Fecal samples from each mock-infected mouse were also collected. Bacterial communities were clustered using PCA of Weighted UniFrac distance matrices (beta diversity). The first three principal coordinates (PC1, PC2 and PC3) are plotted for each sample and the percentage variation in the plotted principal coordinates is indicated on the axes. Each spot represents one sample and each group of mice is denoted by a different color (blue: Mock-infected, red: IAV/Vh, green: IAV/A2-165). Distance between dots represents extent of compositional difference. (B) Left panel, Taxonomic (phylum) composition of the cecal microbiota. Right panel, the relative frequencies of Verrucomicrobiota and Cyanobacteriota are depicted. (C) LEfSe analysis indicating the most discriminant bacterial genus associated with changes in F duncaniae-treated mice. Only species with a statistically significant LDA score (log10) >2 (compared to vehicle) are shown. (A–C) (n = 10/group, one of two independent experiments shown). (D) Cecal contents were collected for SCFA quantification. Results are expressed as mean ± SEM (n = 5, mock and n = 9-11, IAV). (B) Right panel and (D) Significant differences were determined using the One-way ANOVA Kruskal-Wallis test (nonparametric), followed by the Dunn’s posttest test (* P < 0.05, ** P < 0.01, *** P < 0.001).



The production of SCFAs depends strongly on the gut microbiota’s functional activity. As observed previously (28, 29), cecal levels of acetate, propionate and butyrate fell massively upon IAV infection (Figure 3D). In contrast, levels of isobutyrate, isovalerate and valerate did not change significantly (Supplementary Figure 1D). Interestingly, F. duncaniae treatment was associated with attenuation of the drop in acetate, propionate and butyrate (not significant) levels at 7 dpi. Given that acetate and butyrate are important during influenza (24, 25, 28, 29, 32), this partial restoration might contribute to the better disease outcomes associated with F. duncaniae administration.





Live F. duncaniae is more potent than pasteurized F. duncaniae in mitigating negative influenza outcomes

To investigate how metabolites (e.g. butyrate) might contribute to the F. duncaniae’s protective influence, we metabolically inactivated bacteria by pasteurization. Treatment with the pasteurized bacteria was associated with an attenuation (not significant) of body weight loss in IAV-infected mice (Figure 4A). Although the pasteurized form was less efficacious than the live form, it was associated with a significantly lower viral load in the lungs (Figure 4B). Accordingly, the expression level of gene encoding Mx1, Isg15 and IFN-β was lower in mice supplemented with pasteurized F. duncaniae than in control (vehicle) mice (Figure 4C). Here again, the effects were less strong than with live F. duncaniae, particularly for IFN-β. Pasteurized F. duncaniae failed to influence the expression of transcripts encoding inflammatory cytokines such as CXCL2 (Figure 4C and data not shown). Influenza infection is known to be associated with gut injury, poor mucosal barrier function, and greater levels of gut inflammation (29, 58, 63). Given that F. duncaniae has been linked to lower levels of gut inflammation, we compared the effects of live vs. pasteurized F. duncaniae in IAV-infected mice. The colon length - a marker of intestinal inflammation - was lower in IAV-infected mice (Figure 4D). Interestingly, live F. duncaniae (but not pasteurized F. duncaniae) abrogated the IAV-induced reduction in colon length. Influenza led to greater expression of ISGs and inflammatory genes in the colon (Figure 4E). Live F. duncaniae and, to a lesser extent (for Ifng) pasteurized F. duncaniae, abrogated cytokine production, as assessed in quantitative RT-PCRs (Figure 4E). We conclude that the live form of F. duncaniae alleviates influenza outcomes more potently than the pasteurized form does.




Figure 4 | Effect of live and pasteurized F. duncaniae pre-treatment on body weight loss, lung viral load and inflammation. Mice received PBS-glycerol or A2-65 in PBS-glycerol 5 days before IAV infection and until the sacrifice. (A), Body weight loss during infection (expressed as percentage initial body weight). The right panel shows differences at 7 dpi. (B), the number of infectious particles was determined in a TCID50 assay. The data are expressed as the mean number of infectious virus particles per lung. The solid lines correspond to the median values. (C), mRNA copy numbers in lungs were quantified by RT-PCR (7 dpi). The data are expressed as the mean fold change relative to average gene expression in mock-infected animals ± SEM. (D), Colon length measured at 7 dpi. (E), mRNA copy numbers in colons were quantified by RT-PCR (7 dpi). One of two representative experiments is shown (n = 6-8). For all graphs, errors indicate mean ± SEM. Significant differences were determined using One-way ANOVA Kruskal-Wallis test (nonparametric), followed by the Dunn’s posttest test (* P < 0.05, ** P < 0.01, *** P < 0.001).







F. duncaniae treatment is associated with fewer systemic bacterial infections after influenza

Individuals with severe influenza are prone to develop secondary bacterial infections. This enhanced susceptibility is due - at least in part - to impaired antibacterial defenses and altered lung integrity and barrier functions (64, 65). We showed recently that the drop in acetate production during IAV causes bacterial superinfection (28, 29). In view of F. duncaniae’s effect on SCFA levels, we next investigated the bacterium’s potential effect on secondary bacterial infections after influenza. To this end, F. duncaniae-supplemented, IAV-infected mice were infected secondarily with Streptococcus pneumoniae (Figure 5A). The number of viable bacteria in the lung was counted 30 hours after the inoculation of S. pneumoniae. As shown in Figure 5B, supplementation of F. duncaniae failed to significantly lower the number of viable bacteria in the lung. In the model studied here, S. pneumoniae disseminates in the blood to reach the spleen. Of interest, supplementation of F. duncaniae was associated with significantly less systemic bacterial translocation in doubly infected mice (Figure 5C). This reduced systemic invasion is superinfected mice probably relies on improved lung integrity. We conclude that preventive supplementation with F. duncaniae in mice lowers the severity of both influenza and bacterial superinfection.




Figure 5 | Effect of live F. duncaniae pre-treatment on bacterial superinfection post-influenza. (A) Schematic representation of the experimental procedure. Mice received PBS-glycerol or A2-65 in PBS-glycerol, 5 days before IAV infection and until the sacrifice. Mice were challenged intranasally with S. pneumoniae 7 days post IAV infection (1x103 c.f.u). (B, C) The number of bacteria in the lungs and the spleen was determined 30 hours after the S. pneumoniae challenge. The solid lines correspond to the median values (n = 6-10). For all graphs, errors indicate mean ± SEM. Significant differences were determined using the two tailed Mann Whitney U test (***P < 0.001).








Discussion

The dysregulation of the microbiota-gut-lung axis during influenza, consequent to gastrointestinal disorders and dysbiosis (with reduced SCFA levels), can lead to disease severity and secondary outcomes (12, 21, 28, 58–60), which underscores the need for new interventions. In the present study, we investigated preventive supplementation of the butyrate producer commensal F. duncaniae as a possible way of ameliorating influenza outcomes. F. duncaniae holds great promise as a next-generation probiotic for controlling pathological situations in humans [e.g. gut disorders and diabetes (55, 66)]. Given that F. duncaniae strongly impacts the gut’s ecological network (67), we hypothesized that supplementation with this bacterium would restore SCFA levels [which are dramatically impacted by influenza (28, 29)] in diseased animals. We found that orally administered F. duncaniae partially protected against IAV infection, as reflected by a lower body weight loss, a lower viral load in the lungs, and lower levels of pulmonary and gut inflammation. It is important to note that supplementation with F. duncaniae also alleviated systemic secondary bacterial infections. These protective effects were associated with a change in gut microbiota composition and an augmentation of SCFA levels in diseased animals.

The results of several studies have revealed that the use of probiotics (mostly from the Lactobacillus and Bifidobacterium genera) is beneficial during influenza (18, 68–72). Some probiotics can prophylactically prime antiviral responses in the lungs. These effects are due to both innate and adaptive immune responses. Interestingly, the probiotic regulatory pathway might be closely linked to type I IFNs (71–75). This is in line with other evidence of the key role of the gut microbiota in type I IFN-mediated antiviral immunity (15, 25, 76–80). In our experimental setting, F. duncaniae had a significant impact on the viral load, which was associated with greater production of type III IFNs but not of type I IFNs. The continuous (7-day) administration of F. duncaniae was indeed associated with a greater IFN-Λ concentration in BALF and this was significant after IAV infection. It is noteworthy that Bifidobacterium longum and Clostridium butyricum were shown to inhibit IAV replication through IFN-Λ(81, 82). Mechanistically, gut microbiome-induced ω-3 fatty acid 18-hydroxy eicosapentaenoic acid promoted IFN-Λ production by lung epithelial cells (82). Although the mechanisms in our settings remained to be investigated, the present study is (to the best of our knowledge) the first to have shown that the commensal F. duncaniae exerts antiviral effects. SCFAs might have an important role in this setting. Indeed, recent research findings indicate that acetate reduces the viral load via an influence on type I IFN (25–27, 83, 84). The corresponding results for butyrate are subject to debate. A study has shown that butyrate favors the type I IFN production and ISG expression (84), whilst others have indicated a negative effect (85, 86). To the best of our knowledge, the potential impact of SCFAs on type III IFN production has not been determined and is thus worthy of further investigation. Other metabolites (76, 82) and certain bacterial components might also be involved in our setting. The antiviral impact of F. duncaniae might extend beyond microbiota metabolism. Whether F. duncaniae antigenicity (e.g. molecular mimicry) plays a part is still an open question. Treatment with F. duncaniae during influenza strongly reduces lung and gut inflammation. Whilst the observed, positive effect of F. duncaniae in influenza-associated gut disorders is in line with the results of other studies (43, 46, 47), the remote effect on lung inflammation is novel. It would be interesting to investigate the effect of F. duncaniae supplementation on other infectious and non-infectious lung diseases. There are several possible mechanisms by which F. duncaniae could remotely lower lung inflammation. In this context, SCFAs - which are well known to attenuate lung diseases (20, 21) - are likely to be critical. The effects might also be independent of SCFAs because pasteurized F. duncaniae also mitigated negative influenza outcomes (albeit less efficaciously that live F. duncaniae) in our experimental settings. Mechanisms leading to reduced pathology upon F. duncaniae treatment remain to be studied. Lastly, upon a S. pneumoniae challenge, F. duncaniae lowered bacterial dissemination into peripheral organ. Acetate might be critical in this setting, as our previously data suggested (28). The later finding is important because bacterial superinfection is the main cause of death in patients with severe influenza (64). It is noteworthy that preventive supplementation with L. paracasei and Blautia faecis also reduced bacterial superinfection post-influenza (87, 88).

The potential benefits of manipulating the gut microbiome and thus preventing the outcomes of severe viral respiratory diseases such as influenza and coronavirus disease 2019 (COVID-19) have been well established in preclinical models and (to a lesser extent) in humans [for reviews, see (16, 89)]. In COVID-19, a potential benefit of F. duncaniae and butyrate has been suggested (90, 91). Our present results suggest that F. duncaniae - a major, canonical, butyrate-producing human commensal - might serve as a novel next generation probiotic against viral respiratory diseases. Our study had a number of limitations. Firstly, we focused on sub-lethal influenza using male C57BL/6 mice. The potential effect of F. duncaniae on lethal influenza remains to be determined (as well as its effect on female mice). Secondly, it would be interesting to study the effect of F. duncaniae on lung pathology and mouse survival upon a secondary bacterial infection. Thirdly, the effect of a prophylactic treatment, and not a therapeutic treatment, was studied. Lastly, we focused on the severe, acute influenza and not on the disease’s long-term effects. This is a relevant issue because the frequency of F. duncaniae in the gut is inversely correlated with long COVID-19 (34). It would be interesting to investigate variables in chronic lung disease in influenza-infected mice (92). Secondly, we did not formally identify the mechanism(s) associated with F. duncaniae-mediated protection in our model, although the SCFA-IFN pathway is likely to be involved, at least in antiviral effects. It remains to be seen whether altered gut microbiota’s functionality due to F. duncaniae supplementation during influenza is causal in the beneficial effects described in this report. In conclusion, the present study demonstrated the potential value of F. duncaniae treatment (as an adjuvant to influenza vaccines and anti-influenza drugs) in the prevention of influenza epidemics.





Material and methods




Mice and infection

C57BL/6J male mice (8-week-old) were purchased from Janvier-Labs (Le Genest-Saint-Isle, France). Mice were housed under specific pathogen-free condition in the biosafety level 2 animal facility of the Institut Pasteur de Lille. Animals were maintained with a strict 12-hour dark/light cycle and were given ad libitum access to regular chow and water. Mice were fed a standard rodent chow (SAFE A04) (SAFE, Augy, France) and water ad libitium. This diet contains11.8% fiber including 10% water-insoluble fiber (3.6% cellulose) and 1.8% water-soluble fiber. After a one-week acclimation period, mice were treated with F. duncaniae (see below) and then infected as follows. Mice were anesthetized by intraperitoneal injection of 1.25 mg of ketamine plus 0.25 mg of xylazine in 200 µl of phosphate buffered saline (PBS), and then intranasally (i.n.) infected with 50 µl of PBS containing (or not, for mock group) 75 plaque forming units (p.f.u.) of the H3N2 IAV strain A/Scotland/20/1974. For the superinfection, mice were intranasally infected with S. pneumoniae (serotype 1, clinical isolate E1586, 1x103 viable bacteria) 7 days post-influenza (28). Mice were euthanized by cervical dislocation. The number of live bacteria in lungs and spleen was determined 30 hours after S. pneumoniae challenge as described (28). All experiments involving IAV and S. pneumoniae were performed within the Biosafety Level 2 facility of the Institut Pasteur de Lille. The protocols were validated by the local committee for the evaluation of the biological risks and complied with current national and institutional regulations and ethical guidelines (Institut Pasteur de Lille/B59- 350009). The experimental protocols using animals were approved by the institutional ethical committee, Comite d’Ethique en Experimentation Animale (CEEA) 75, Nord Pas-de-Calais. The animal study was authorized by the Education, Research and Innovation Ministry under registration number APAFIS#13743-2018022211144403v2 and APAFIS#33193-2021092318476492.





F. duncaniae culture and treatment

F. duncaniae A2–165 (DSM 17677, DSMZ collection, Braunschweig, Germany) and I-4574 (CNCM collection, Paris, France) strains, both isolated from human fecal stool, were grown at 37°C in Brain-heart infusion medium supplemented with 0.5% yeast extract (Difco, Detroit, USA), 2 mM acetate, 2 mg/ml fructose and 0.5 mg/ml cysteine HCl (Sigma-Aldrich), in an anaerobic chamber (90% N2, 5% CO,2 and 5% H2). Bacteria were washed and pellets were resuspended in PBS containing 16% glycerol at 5 x 109 CFU/ml aliquoted and frozen at -80°C until use. Mice were daily treated by intragastric administration (200 µl) of PBS containing 16% glycerol (mock-infected and IAV-infected mice) or of a suspension of F. duncaniae at 5 x 109 CFU/ml (1 x 109 CFU/mouse/day), 5 days before infection and until the end of the procedure. Pasteurization was obtained after 30 min at 70°C. Integrity of the bacteria was checked by microscopy analysis.





Body weight measurement and tissue collection

Body weight was monitored daily after IAV infection. Mice were sacrificed at 2 dpi or 7 dpi. Bronchoalveolar lavage fluids were collected using 0.5 ml PBS containing 0.2% BSA and centrifuged at 1100 x g for 2 min at 4°C. Supernatants were stored at -20°C until ELISA or Multiplex analysis. After perfusion with PBS, the left lobe of the lung was stored in 4% PBS-buffered formaldehyde for 2 days, rinsed in PBS, transferred into 70% ethanol solution and processed into paraffin-embedded tissue blocks for histology assessment. Part of the right lobe was stored in RNAlater® (Ambion, Thermo Fisher Scientific, Waltham, MA) and frozen at -80°C until qRT-PCR analysis. The remaining part of the lung was immediately frozen in liquid nitrogen and stored at -80°C until TCID50 evaluation. Colon length was measured as described in (29). Fecal samples were collected from each individual mouse, immediately frozen in liquid nitrogen and stored at -80°C until SCFA quantification and 16S rRNA gene amplicon sequencing.





Quantification of viral loads in lungs

Virus load in lung homogenates was assessed by titration of 50% tissue culture infectious dose (TCID50) using Madin-Darby canine kidney (MDCK) cells. Quantification of viral load and of gene expression was as follows. After homogenization of lung and colon tissue in RA1 buffer (Macherey-Nagel, Hoerdt, Germany), total RNA was purified using the NucleoSpin RNA isolation kit (Macherey-Nagel). The quantity and quality of RNA were checked using a NanoDrop spectrophotometer (Thermo Fisher Scientific). RNA was reverse transcribed using the High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems, Hammonton, NJ). Quantification of the viral load was determined by measuring the copy number of RNA encoding the viral M1 gene. Briefly, after treatment with RNAse OUT (Invitrogen), RNA was reverse-transcribed using the SuperScript® II Reverse Transcriptase (Invitrogen, Life Technologies, Carlsbad) and primer specific for M1 (5′-TCT AAC CGA GGT CGA AAC GTA-3′). Amplification was performed using TaqMan Universal PCR Master Mix (Applied Biosystems), the specific primers for M1 (forward: 5′-AAG ACC AAT CCT GTC ACC TCT GA-3′; reverse: 5′-CAA AGC GTC TAC GCT GCA GTC C-3′) and M1 specific TaqMan probe (FAM) 5′-TTT GTG TTC ACG CTC ACC GTG CC-3′ (TAMRA), on the QuantStudio™ 5 Flex Real-Time PCR System (Applied Biosystems). The standard curve was performed using a plasmid constructed with a synthetic gene containing the IAV M1 sequence (segment 7).





Assessment of gene expression by quantitative RT-PCR

After homogenization and RNA extraction of lung and intestinal (colon) tissues, RNA was reverse transcribed using the High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems). qRT-PCR was performed using the Power SYBR Green PCR Master Mix on the QuantStudio™ 5 Flex Real-Time PCR System (Applied Biosystems) (Table 1 for the sequences of the oligonucleotides). The relative gene expression (2-▵▵CT) was normalized according to the PCR cycle thresholds (Ct) for the gene of interest and the housekeeping gene coding glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (▵Ct) and to the ▵Ct values between non-infected (mock) and infected animals.


Table 1 | Sequences of oligonucleotides used in the present study.







Bronchoalveolar lavage fluid collection and determination of cytokine and chemokine levels

Bronchoalveolar lavage was performed by instillation of 500 μL of PBS containing 2% bovine serum albumin via the exposed trachea into the lungs, followed by aspiration after 30 s, using a 18G IV cannula (B. Braun, Melsungen, Germany). Supernantants were centrifuged at 10,000 g for 2 minutes before cytokine dosage. The concentrations of IFN Λ2−3 was determined by ELISA (R&D systems DuoSet, Minneapolis, MN). Concentrations of IFN-γ, IFN-β, IFN-α, TNF-α, and CCL2 were determined using multiplex analysis following the manufacturers’ instructions (LEGENDplex, Biolegend, San Diego, CA).





Lung histology

Lung tissue samples were fixed in 10% PBS-buffered formaldehyde for 48h, rinsed in PBS, transferred in 70% ethanol and then paraffin-embedded under standardized conditions. Tissue sections (3 µm thick) were stained with hematoxylin and eosin. Lung sections were scanned with a Nanozoomer (Hamamatsu Photonics, city, Hamamatsu, Japan), and morphological changes were assessed using a semi-quantitative dual histopathology score adapted from (93, 94), which evaluates each following score: cellular death/necrosis, alveolar and/or perivascular edema, hyaline membrane or fibrin, inflammation, thrombi, congestion, hemorrhage, type II hyperplasia, and syncytia from 0 to 4 (0 = absent, 1 = 1-10% of the lung section affected, 2 = 11-25% of the lung section affected, 3 = 26-50% of the lung section affected, and 4=>50% of the lung section affected). The degree of peribronchial and perivascular inflammation was scored on a subjective scale of 0 (no) to 5 (severe) in a blind manner. The percentage of the altered/inflamed zone of the section (lung lesion) was also evaluated (from score 0 to score 10). The score was then defined as the sum of the peribronchial and perivascular scores, and the percentage of altered zone. Representative photomicrographs were taken to illustrate the major distinguishing morphological features among the experimental groups.





Sample collection, genomic DNA extraction and sequencing

Genomic DNA extraction from feces was conducted following an adaptation from González-Cabrera et al. (95). Briefly, around 50 mg of feces were crushed in 300 µl of SLX-Mlus Buffer (Omega Bio-tek, Norcross, GA) using a plastic homogenizer. A volume of 50 µl was then sampled and incubated at 99°C for 10 min with 16.7 µl of 1 M NaOH. The solution was neutralized adding 66.7 µL of 0.1248 M HCl, 0.125 M Tris-HCl and 0.5% Triton X-100 before a last incubation at 99°C for 10 min. Genomic DNA suspensions were stored at -20°C. Microbial diversity and composition were determined for each sample by targeting a portion of the ribosomal genes. A set of 12 primers (forward) and 3 primers (reverse) were used to amplify the V3 and V4 hypervariable region of the 16S rRNA gene fragment using an optimized 16S-amplicon-library preparation protocol (Biomnigene, Besançon France). Briefly, 16S rRNA gene PCR was performed using 5 µl of 1/40 diluted genomic DNA using GoTaq® Rapid PCR Master Mix (Promega, Madison, WI) using 15 barcoded primers at final concentrations of 0.2 μM and an annealing temperature of 55°C for 38 cycles. The PCR products were multiplexed at equal concentrations and purified using a PippinHT system (Sage Science, Beverly, MA). Sequencing was performed using a 250-bp paired-end sequencing protocol on an Illumina MiSeq platform (Illumina, San Diego, CA).





Gut microbiota analysis

A step of removal of low-quality reads from the raw paired-end reads were performed using Fastp. Remaining sequences were assigned to samples based on barcode matches using cutadapt (version 4.4). Data were then imported in Qiime2 (2023.7) and forward and reverse primer sequences were removed using the cutadapt plugin. The sequences were denoized using the DADA2 method, and reads were classified using the GTDB database (release 214). A total of 666,810 paired-end reads were analyzed, with an average of 22,227 per sample (range: 10,492 to 47,244). Beta diversity was computed using Qiime2. Principal Coordinate analyses of the Weighted Unifrac distance were performed to assess beta diversity. Differences between groups were tested using PERMANOVA analysis. Raw sequence data are accessible in the National Center for Biotechnology Information (project number PRJNA1046012), biosample accession numbers SAMN38468615 to SAMN38468644 (https://dataview.ncbi.nlm.nih.gov/object/PRJNA1046012?reviewer=7da92vicemsbkcq6oqsf79pbph). Differential analysis was performed using the linear discriminant analysis effect size (LEfSe) pipeline.





Measurement of SCFA concentrations in the cecal contents

Fecal concentrations of SCFAs were quantified as previously described (28). After extraction of fecal contents with water (wt g/vol) and centrifugation at 12,000 × g for 15 min, the proteins were precipitated from the suspensions using a phosphotungstic acid saturated solution. Supernatants (100 µl) were analyzed using a gas chromatograph (GC7890B; Agilent Technologie, Les Ulis, France). All samples were analyzed in duplicate. Data were collected and peaks integrated using the Open Lab Chemstation software (Agilent Technology, Santa Clara, CA). Results were expressed as μmol/gramm of fecal content.





Statistical analyses

For infectious markers, results are expressed as mean ± standard error of the mean (SEM). Statistical analyses were performed using GraphPad Prism v8.0.2 and R v4.0.2 softwares. The Mann-Whitney U test was used to compare the two groups, unless otherwise stated. Comparisons of more than two groups were analyzed using the one-way ANOVA Kruskal-Wallis test (nonparametric), followed by Dunn’s post-test. *P < 0.05; ** P < 0.01, *** P < 0.001.






Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The animal study was approved by Comite d’Ethique en Experimentation Animale (CEEA) 75, Nord Pas-de-Calais. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

LC: Investigation, Methodology, Writing – review & editing. SH: Investigation, Methodology, Writing – review & editing. LuD: Investigation, Writing – review & editing. FB: Investigation, Methodology, Writing – review & editing. LoD: Investigation, Writing – review & editing. VR: Investigation, Methodology, Writing – review & editing. M-HG: Investigation, Writing – review & editing. MP: Investigation, Writing – review & editing. VS: Investigation, Writing – review & editing. CR: Investigation, Writing – review & editing. IW: Conceptualization, Investigation, Writing – review & editing. HS: Conceptualization, Writing – review & editing. SA: Investigation, Writing – review & editing. AD: Investigation, Writing – review & editing. PL: Conceptualization, Writing – review & editing. J-MC: Conceptualization, Investigation, Writing – review & editing. CG: Conceptualization, Investigation, Writing – original draft. FT: Conceptualization, Funding acquisition, Investigation, Supervision, Writing – original draft.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported in part by the Institut National de la Santé et de la Recherche Médicale (Inserm), Centre National de la Recherche Scientifique (CNRS), University of Lille, Pasteur Institute of Lille. This project was cofounded by the French National Research Agency (Agence Nationale de la Recherche, ANR): AAP générique 2022, ANR-23-CE15-0014-01, GUTSY) (FT), the React-EU COVID2I (programme opérationnel FEDER/FSE/IEJ Nord-Pas de Calais) (FT), and Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP, 2018/15313-8) (MARV). VS and AB received salary support (PhD fellowship) from Lille University and Fondation pour la Recherche Médicale (FRM, France). PBR received fellowships from FAPESP (2019/14342-7 and 2022/02058-5). JTH is a recipient of an ERC Starting Grant (Metabo3DC-101042759) and received support from ANR (LabEx EGID ANR-10-LABX-0046). FT received salary support from the CNRS.




Acknowledgments

The authors warmly thank the staff of the animal facility of the Institut Pasteur de Lille and Frederic Pepke for SCFA analysis.





Conflict of interest

Authors FB and AD were employed by company Biomnigene SA.

HS reports lecture fee, board membership, or consultancy from Amgen, Fresenius, IPSEN, Actial, Astellas, Danone, THAC, Biose, BiomX, Eligo, Immusmol, Adare, Nestle, Ferring, MSD, Bledina, Pfizer, Biocodex, BMS, Bromatech, Gilead, Janssen, Mayoli, Roche, Sanofi, Servier, Takeda, Abbvie, has stocks from Enterome bioscience and is co-founder of Exeliom Biosciences. PL has received lecture fees, board membership compensation, or consultancy payments from Biose, Biostime, Boiron, Bonduelle, BMS, Bromatech, IPSEN, iTaK, Lallemand, Lesaffre, L’Oréal, Mayoli, Merck, Pilèje, Procter and Gamble, Second Genome, Therascience, and URGO. PL is co-founder of Exeliom Biosciences.

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

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1347676/full#supplementary-material

Supplementary Figure 1 | Impact of I-4574 supplementation in IAV-infected mice on the composition of the gut microbiota and on the production of SCFAs. (A) Seven days after IAV infection, fecal contents were collected for 16S rRNA profiling. Fecal samples from each mock-infected mouse were also collected. The relative frequency of some bacterial phyla is depicted. (B) Taxonomic (class) composition of the fecal microbiota. (A, B) (n = 10/group, one of two independent experiments shown). (C) Cecal contents were collected for SCFA quantification. Results are expressed as mean ± SEM (n = 5, mock and n = 9-11, IAV) (D). (D) Cecal contents were collected for SCFA quantification. Results are expressed as mean ± SEM (n = 5, mock and n = 9-11, IAV). (A, C), Significant differences were determined using the One-way ANOVA Kruskal-Wallis test (nonparametric), followed by the Dunn’s posttest test (* P < 0.05, ** P < 0.01, *** P < 0.001).





Abbreviations

IAV, influenza A virus; SCFA, short chain fatty acid; IFN, interferon; ISG, interferon-stimulated gene; BALF, bronchoalveolar lavage fluid.




References

1. Brundage, JF. Interactions between influenza and bacterial respiratory pathogens: implications for pandemic preparedness. Lancet Infect Dis. (2006) 6:303–12. doi: 10.1016/S1473-3099(06)70466-2

2. Macias, AE, McElhaney, JE, Chaves, SS, Nealon, J, Nunes, MC, Samson, SI, et al. The disease burden of influenza beyond respiratory illness. Vaccine. (2021) 39:A6–A14. doi: 10.1016/j.vaccine.2020.09.048

3. Paules, C, and Subbarao, K. Influenza. Lancet. (2017) 390:697–708. doi: 10.1016/S0140-6736(17)30129-0

4. Uliano, AD, Roguski, KM, Chang, HH, Muscatello, DJ, Palekar, R, Tempia, S, et al. Estimates of global seasonal influenza-associated respiratory mortality: a modelling study. Lancet. (2018) 391:1285–1300. doi: 10.1016/S0140-6736(17)33293-2

5. Brundage, JF, and Shanks, GD. Deaths from bacterial pneumonia during 1918–19 influenza pandemic. Emerg Infect Dis. (2008) 14:1193–9. doi: 10.3201/eid1408.071313

6. Hartshorn, KL. New look at an old problem: bacterial superinfection after influenza. Am J Pathol. (2010) 176:536–9. doi: 10.2353/ajpath.2010.090880

7. Osterholm, MT, Kelley, NS, Sommer, A, and Belongia, EA. Efficacy and effectiveness of influenza vaccines: a systematic review and meta-analysis. Lancet Infect Dis. (2012) 12:36–44. doi: 10.1016/S1473-3099(11)70295-X

8. Smetana, J, Chlibek, R, Shaw, J, Splino, M, and Prymula, R. Influenza vaccination in the elderly. Hum Vaccines Immunotherapeutics. (2018) 14:540–9. doi: 10.1080/21645515.2017.1343226

9. Thaiss, CA, Zmora, N, Levy, M, and Elinav, E. The microbiome and innate immunity. Nature. (2016) 535:65–74. doi: 10.1038/nature18847

10. Samuelson, DR, Welsh, DA, and Shellito, JE. Regulation of lung immunity and host defense by the intestinal microbiota. Front Microbiol. (2015) 6:1085. doi: 10.3389/fmicb.2015.01085

11. Budden, KF, Gellatly, SL, Wood, DL, Cooper, MA, Morrison, M, Hugenholtz, P, et al. Emerging pathogenic links between microbiota and the gut–lung axis. Nat Rev Microbiol. (2017) 15:55–63. doi: 10.1038/nrmicro.2016.142

12. Sencio, V, Machado, MG, and Trottein, F. The lung–gut axis during viral respiratory infections: the impact of gut dysbiosis on secondary disease outcomes. Mucosal Immunol. (2021) 14(2):296–304. doi: 10.1038/s41385-020-00361-8

13. Trottein, F, and Sokol, H. Potential causes and consequences of gastrointestinal disorders during a SARS-CoV-2 infection. Cell Rep. (2020) 32:107915. doi: 10.1016/j.celrep.2020.107915

14. Zhang, F, Lau, RI, Liu, Q, Su, Q, Chan, FKL, and Ng, SC. Gut microbiota in COVID-19: key microbial changes, potential mechanisms and clinical applications. Nat Rev Gastroenterol Hepatol. (2023) 20:323–37. doi: 10.1038/s41575-022-00698-4

15. Abt, MC, Osborne, LC, Monticelli, LA, Doering, TA, Alenghat, T, Sonnenberg, GF, et al. Commensal bacteria calibrate the activation threshold of innate antiviral immunity. Immunity. (2012) 37:158–70. doi: 10.1016/j.immuni.2012.04.011

16. Debnath, N, Kumar, A, and Yadav, AK. Probiotics as a biotherapeutics for the management and prevention of respiratory tract diseases. Microbiol Immunol. (2022) 66:277–91. doi: 10.1111/1348-0421.12980

17. Shinde, T, Hansbro, PM, Sohal, SS, Dingle, P, Eri, R, and Stanley, R. Microbiota modulating nutritional approaches to countering the effects of viral respiratory infections including SARS-CoV-2 through promoting metabolic and immune fitness with probiotics and plant bioactives. Microorganisms. (2020) 8:921. doi: 10.3390/microorganisms8060921

18. Xing, JH, Shi, CW, Sun, MJ, Gu, W, Zhang, RR, Chen, HL, et al. Lactiplantibacillus plantarum 0111 protects against influenza virus by modulating intestinal microbial-mediated immune responses. Front Microbiol. (2022) 13:820484. doi: 10.3389/fmicb.2022.820484

19. Harper, A, Vijayakumar, V, Ouwehand, AC, Ter Haar, J, Obis, D, Espadaler, J, et al. Viral infections, the microbiome, and probiotics. Front Cell Infect Microbiol. (2020) 10:596166. doi: 10.3389/fcimb.2020.596166

20. Dang, AT, and Marsland, BJ. Microbes, metabolites, and the gut-lung axis. Mucosal Immunol. (2019) 12:843–50. doi: 10.1038/s41385-019-0160-6

21. Machado, MG, Sencio, V, and Trottein, F. Short-chain fatty acids as a potential treatment for infections: a closer look at the lungs. Infect Immun. (2021) 89:e00188–21. doi: 10.1128/IAI.00188-21

22. Schlatterer, K, Peschel, A, and Kretschmer, D. Short-chain fatty acid and FFAR2 activation – a new option for treating infections? Front Cell Infect Microbiol. (2021) 11:785833. doi: 10.3389/fcimb.2021.785833

23. den Besten, G, van Eunen, K, Groen, AK, Venema, K, Reijngoud, DJ, and Bakker, BM. The role of short-chain fatty acids in the interplay between diet, gut microbiota, and host energy metabolism. J Lipid Res. (2013) 54:2325–40. doi: 10.1194/jlr.R036012

24. Trompette, A, Gollwitzer, ES, Pattaroni, C, Lopez-Mejia, IC, Riva, E, Pernot, J, et al. Dietary fiber confers protection against flu by shaping Ly6c- patrolling monocyte hematopoiesis and CD8+ t cell metabolism. Immunity. (2018) 48:992–1005 8. doi: 10.1016/j.immuni.2018.04.022

25. Niu, J, Cui, M, Yang, X, Li, J, Yao, Y, Guo, Q, et al. Microbiota-derived acetate enhances host antiviral response via NLRP3. Nat Commun. (2023) 14:642–58. doi: 10.1038/s41467-023-36323-4

26. Antunes, KH, Fachi, JL, de Paula, R, Fraga da Silva, E, Pral, LP, Dos santos, AA, et al. Microbiota-derived acetate protects against respiratory syncytial virus infection through a GPR43-type 1 interferon response. Nat Commun. (2019) 10:3273–89. doi: 10.1038/s41467-019-11152-6

27. Ji, JJ, Sun, QM, Nie, DY, Wang, Q, Zhang, H, Qin, FF, et al. Probiotics protect against RSV infection by modulating the microbiota-alveolar-macrophage axis. Acta Pharmacol Sin. (2021) 42:1630–41. doi: 10.1038/s41401-020-00573-5

28. Sencio, V, Barthelemy, A, Tavares, LP, Machado, MG, Soulard, D, Cuinat, C, et al. Gut dysbiosis during influenza contributes to pulmonary pneumococcal superinfection through altered short-chain fatty acid production. Cell Rep. (2020) 30:2934–2947 6. doi: 10.1016/j.celrep.2020.02.013

29. Sencio, V, Gallerand, A, Gomes Machado, M, Deruyter, L, Heumel, S, Soulard, D, et al. Influenza infection impairs the gut’s barrier properties and favors secondary enteric bacterial infection through reduced production of short-chain fatty acids. Infect Immun. (2021) 89(9):e0073420. doi: 10.1128/IAI.00734-20

30. Bitencourt Pascoal, L, Rodrigues, B, Moreira Genaro, L, Dos Santos Pereira Gomes, AB, Toledo-Teixeira, DA, Parise, PL, et al. Microbiota-derived short-chain fatty acids do not interfere with SARS-CoV-2 infection of human colonic samples. Gut Microbes. (2021) 13:1–9. doi: 10.1080/19490976.2021.1874740

31. Sencio, V, Machelart, A, Robil, C, Benech, N, Hoffmann, E, Galbert, C, et al. Alteration of the gut microbiota following SARS-CoV-2 infection correlates with disease severity in hamsters. Gut Microbes. (2022) 14:2018900. doi: 10.1080/19490976.2021.2018900

32. Haak, BW, Littmann, ER, Chaubard, JL, Pickard, AJ, Fontana, E, Adhi, F, et al. Impact of gut colonization with butyrate-producing microbiota on respiratory viral infection following allo-HCT. Blood. (2018) 131:2978–86. doi: 10.1182/blood-2018-01-828996

33. Yeoh, YK, Zuo, T, Lui, GC, Zhang, F, Liu, Q, Li, AY, et al. Gut microbiota composition reflects disease severity and dysfunctional immune responses in patients with COVID-19. Gut. (2021) 70:698–706. doi: 10.1136/gutjnl-2020-323020

34. Liu, Q, Yan Mak, JW, Su, Q, Yeoh, YK, Liu, GCY, Ng, SSS, et al. Gut microbiota dynamics in a prospective cohort of patients with post-acute COVID-19 syndrome. Gut. (2022) 71:544–52. doi: 10.1136/gutjnl-2021-325989

35. Gu, S, Chen, Y, Wu, Z, Chen, Y, Gao, H, Lv, L, et al. Alterations of the gut microbiota in patients with coronavirus disease 2019 or H1N1 influenza. Clin Infect Dis. (2020) 71:2669–78. doi: 10.1093/cid/ciaa709

36. Hold, GL, Schwiertz, A, Aminov, RI, Blaut, M, and Flint, HJ. Oligonucleotide probes that detect quantitatively significant groups of butyrate-producing bacteria in human feces. Appl Environ Microbiol. (2003) 69:4320–4. doi: 10.1128/AEM.69.7.4320-4324.2003

37. Miquel, S, Martín, R, Rossi, O, Bermúdez-Humarán, LG, Chatel, JM, Sokol, H, et al. Faecalibacterium prausnitzii and human intestinal health. Curr Opin Microbiol. (2013) 16:255–261. doi: 10.1016/j.mib.2013.06.003

38. Miquel, S, Martín, R, Bridonneau, C, Robert, V, Sokol, H, Bermúdez-Humarán, LG, et al. Ecology and metabolism of the beneficial intestinal commensal bacterium faecalibacterium prausnitzii. Gut Microbes. (2014) 5:146–51. doi: 10.4161/gmic.27651

39. Li, HB, Xu, ML, Xu, XD, Tang, YY, Jiang, HL, Li, L, et al. Faecalibacterium prausnitzii attenuates CKD via butyrate-renal GPR43 axis. Circ Res. (2022) 131:e120–34. doi: 10.1161/CIRCRESAHA.122.320184

40. Dörffel, Y, Swidsinski, A, Loening-Baucke, V, Wiedenmann, B, and Pavel, M. Common biostructure of the colonic microbiota in neuroendocrine tumors and crohn’s disease and the effect of therapy. Inflam Bowel Dis. (2012) 18:1663–71. doi: 10.1002/ibd.21923

41. Machiels, K, Joossens, M, Sabino, J, De Preter, V, Arijs, I, Eeckhaut, V, et al. A decrease of the butyrate-producing species roseburia hominis and faecalibacterium prausnitzii defines dysbiosis in patients with ulcerative colitis. Gut. (2014) 63:1275–83. doi: 10.1136/gutjnl-2013-304833

42. Wang, K, Guo, Y, Liu, Y, Cui, X, Gu, X, Li, L, et al. Pyruvate: Ferredoxin oxidoreductase is involved in IgA-related microbiota dysbiosis and intestinal inflammation. Front Immunol. (2022) 13:1040774. doi: 10.3389/fimmu.2022.1040774

43. Sokol, H, Pigneur, B, Watterlot, L, Lakhdari, O, Bermúdez-Humarán, LG, Gratadoux, JJ, et al. Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium identified by gut microbiota analysis of crohn disease patients. Proc Natl Acad Sci U.S.A. (2008) 105:16731–6. doi: 10.1073/pnas.0804812105

44. Carlsson, AH, Yakymenko, O, Olivier, I, Håkansson, F, Postma, E, Keita, AV, et al. Faecalibacterium prausnitzii supernatant improves intestinal barrier function in mice DSS colitis. Scand J Gastroenterol. (2013) 48:1136–44. doi: 10.3109/00365521.2013.828773

45. Martín, R, Chain, F, Miquel, S, Lu, J, Gratadoux, JJ, Sokol, H, et al. The commensal bacterium faecalibacterium prausnitzii is protective in DNBS-induced chronic moderate and severe colitis models. Inflammation Bowel Dis. (2014) 20:417–30. doi: 10.1097/01.MIB.0000440815.76627.64

46. Zhou, L, Zhang, M, Wang, Y, Dorfman, RG, Liu, H, Yu, T, et al. Faecalibacterium prausnitzii produces butyrate to maintain Th17/Treg balance and to ameliorate colorectal colitis by inhibiting histone deacetylase 1. Inflammatory Bowel Dis. (2018) 24:1926–40. doi: 10.1093/ibd/izy182

47. Quévrain, E, Maubert, MA, Michon, C, Chain, F, Marquant, R, Tailhades, J, et al. Identification of an anti-inflammatory protein from faecalibacterium prausnitzii , a commensal bacterium deficient in crohn’s disease. Gut. (2016) 65:415–25. doi: 10.1136/gutjnl-2014-307649

48. Touch, S, Godefroy, E, Rolhion, N, Danne, C, Oeuvray, C, Straube, M, et al. Human CD4+CD8α+ tregs induced by faecalibacterium prausnitzii protect against intestinal inflammation. JCI Insight. (2022) 7:e154722. doi: 10.1172/jci.insight.154722

49. Lenoir, M, Martín, R, Torres-Maravilla, E, Chadi, S, González-Dávila, P, Sokol, H, et al. Butyrate mediates anti-inflammatory effects of faecalibacterium prausnitzii in intestinal epithelial cells through Dact3. Gut Microbes. (2020) 12:1–16. doi: 10.1080/19490976.2020.1826748

50. Zhang, M, Zhou, L, Wang, Y, Dorfman, RG, Tang, D, Xu, L, et al. Faecalibacterium prausnitzii produces butyrate to decrease c-myc-related metabolism and Th17 differentiation by inhibiting histone deacetylase 3. Int Immunol. (2019) 31:499–514. doi: 10.1093/intimm/dxz022

51. Breyner, NM, Michon, C, de Sousa, CS, Vilas Boas, PB, Chain, F, Azevedo, VA, et al. Microbial anti-inflammatory molecule (MAM) from faecalibacterium prausnitzii shows a protective effect on DNBS and DSS-induced colitis model in mice through inhibition of NF-κB pathway. Front Microbiol. (2017) 8:114. doi: 10.3389/fmicb.2017.00114

52. Xu, J, Liang, R, Zhang, W, Tian, K, Li, J, Chen, X, et al. Faecalibacterium prausnitzii-derived microbial anti-inflammatory molecule regulates intestinal integrity in diabetes mellitus mice via modulating tight junction protein expression. J Diabetes. (2020) 12:224–36. doi: 10.1111/1753-0407.12986

53. Sakamoto, M, Sakurai, N, Tanno, H, Iino, T, Ohkuma, M, Endo, A, et al. Faecalibacterium hominis liu et al. 2023 is a later heterotypic synonym of faecalibacterium duncaniae sakamoto et al. 2022. Int J Syst Evol Microbiol. (2023) 73(8). doi: 10.1099/ijsem.0.005995

54. Martín, R, Miquel, S, Benevides, L, Bridonneau, C, Robert, V, Hudault, S, et al. Functional characterization of novel faecalibacterium prausnitzii strains isolated from healthy volunteers: A step forward in the use of f. prausnitzii as a next-generation probiotic. Front Microbiol. (2017) 8:1226. doi: 10.3389/fmicb.2017.01226

55. Martín, R, Rios-Covian, D, Huillet, E, Auger, S, Khazaal, S, Bermúdez-Humarán, G, et al. Faecalibacterium: a bacterial genus with promising human health applications. FEMS Microbiol Rev. (2023) 47(4):fuad039. doi: 10.1093/femsre/fuad039

56. Major, J, Crotta, S, Llorian, M, McCabe, TM, Gad, HH, Priestnall, SL, et al. Type i and III interferons disrupt lung epithelial repair during recovery from viral infection. Science. (2020) 369:712–7. doi: 10.1126/science.abc2061

57. Snelgrove, RJ, Godlee, A, and Hussell, T. Airway immune homeostasis and implications for influenza-induced inflammation. Trends Immunol. (2011) 32:328–34. doi: 10.1016/j.it.2011.04.006

58. Wang, J, Li, F, Wei, H, Lian, ZX, Sun, R, Tian, Z, et al. Respiratory influenza virus infection induces intestinal immune injury via microbiota-mediated Th17 cell-dependent inflammation. J Exp Med. (2014) 211:2397–410. doi: 10.1084/jem.20140625

59. Deriu, E, Boxx, GM, He, X, Pan, C, Benavidez, SD, Chen, L, et al. Influenza virus affects intestinal microbiota and secondary salmonella infection in the gut through type i interferons. PloS Pathog. (2016) 12:1005572. doi: 10.1371/journal.ppat.1005572

60. Yildiz, S, Mazel-Sanchez, B, Kandasamy, M, Manicassamy, B, and Schmolke, M. Influenza a virus infection impacts systemic microbiota dynamics and causes quantitative enteric dysbiosis. Microbiome. (2018) 6:9. doi: 10.1186/s40168-017-0386-z

61. Aluthge, ND, Tom, WA, Bartenslager, AC, Burkey, TE, Miller, PS, Heath, KD, et al. Differential longitudinal establishment of human fecal bacterial communities in germ-free porcine and murine models. Commun Biol. (2020) 3:760. doi: 10.1038/s42003-020-01477-0

62. Lundberg, R, Toft, MF, Metzdorff, SB, Hansen, CHF, Licht, TR, Bahl, MI, et al. Human microbiota-transplanted C57BL/6 mice and offspring display reduced establishment of key bacteria and reduced immune stimulation compared to mouse microbiota-transplantation. Sci Rep. (2020) 10:7805. doi: 10.1038/s41598-020-64703-z

63. Dilantika, C, Sedyaningsih, ER, Kasper, MR, Agtini, M, Listiyaningsih, E, Uyeki, TM, et al. Influenza virus infection among pediatric patients reporting diarrhea and influenza-like illness. BMC Infect Dis. (2010) 10:3. doi: 10.1186/1471-2334-10-3

64. McCullers, JA. The co-pathogenesis of influenza viruses with bacteria in the lung. Nat Rev Microbiol. (2014) 12:252–62. doi: 10.1038/nrmicro3231

65. Rynda-Apple, A, Robinson, KM, and Alcorn, JF. Influenza and bacterial superinfection: Illuminating the immunologic mechanisms of disease. Infect Immun. (2015) 83:3764–70. doi: 10.1128/IAI.00298-15

66. Maioli, TU, Borras-Nogues, E, Torres, L, Barbosa, SR, Martins, VS, Langella, P, et al. Possible benefits of faecalibacterium prausnitzii for obesity-associated gut disorders. Front Pharmacol. (2021) 12:740636. doi: 10.3389/fphar.2021.740636

67. Wrzosek, L, Miquel, S, Noordine, ML, Bouet, S, Chevalier-Curt, MJ, Robert, V, et al. Bacteroides thetaiotaomicron and faecalibacterium prausnitzii influence the production of mucus glycans and the development of goblet cells in the colonic epithelium of a gnotobiotic model rodent. BMC Biol. (2013) 11:61. doi: 10.1186/1741-7007-11-61

68. Wang, Q, Fang, Z, Li, L, Wang, H, Zhu, J, Zhang, P, et al. Lactobacillus mucosae exerted different antiviral effects on respiratory syncytial virus infection in mice. Front Microbiol. (2022) 13:1001313. doi: 10.3389/fmicb.2022.1001313

69. Iwabuchi, N, Xiao, J-Z, Yaeshima, T, and Iwatsuki, K. Oral administration of bifidobacterium longum ameliorates influenza virus infection in mice. Biol Pharm Bull. (2011) 34:1352–5. doi: 10.1248/bpb.34.1352

70. Goto, H, Sagitani, A, Ashida, N, Kato, S, Hirota, T, Shinoda, T, et al. Anti-influenza virus effects of both live and non-live lactobacillus acidophilus l-92 accompanied by the activation of innate immunity. Br J Nutr. (2013) 110:1810–8. doi: 10.1017/S0007114513001104

71. Park, MK, Ngo, V, Kwon, YM, Lee, YT, Yoo, S, Cho, YH, et al. Lactobacillus plantarum DK119 as a probiotic confers protection against influenza virus by modulating innate immunity. PloS One. (2013) 8:e75368. doi: 10.1371/journal.pone.0075368

72. Nakayama, Y, Moriya, T, Sakai, F, Ikeda, N, Shiozaki, T, Hosoya, T, et al. Oral administration of lactobacillus gasseri SBT2055 is effective for preventing influenza in mice. Sci Rep. (2014) 4:4638. doi: 10.1038/srep04638

73. Maeda, N, Nakamura, R, Hirose, Y, Murosaki, S, Yamamoto, Y, Kase, T, et al. Oral administration of heat-killed lactobacillus plantarum l-137 enhances protection against influenza virus infection by stimulation of type i interferon production in mice. Int Immunopharmacol. (2009) 9:1122–1125. doi: 10.1016/j.intimp.2009.04.015

74. Wang, Q, Fang, Z, Xiao, Y, Wang, H, Zhang, P, Lu, W, et al. Lactiplantibacillus pentoses CCFM1227 produces desaminotyrosine to protect against influenza virus H1N1 infection through the type i interferon in mice. Nutrients. (2023) 15:3659. doi: 10.3390/nu15163659

75. Song, L, Huang, Y, Liu, G, Li, X, Xiao, Y, Liu, C, et al. A novel immunobiotics bacteroides dorei ameliorates influenza virus infection in mice. Front Immunol. (2021) 12:828887. doi: 10.3389/fimmu.2021.828887

76. Steed, AL, Christophi, GP, Kaiko, GE, Sun, L, Goodwin, VM, Jain, U, et al. The microbial metabolite desaminotyrosine protects from influenza through type i interferon. Science. (2017) 357:498–502. doi: 10.1126/science.aam5336

77. Bradley, KC, Finsterbusch, K, Schnepf, D, Crotta, S, Llorian, M, Davidson, S, et al. Microbiota- driven tonic interferon signals in lung stromal cells protect from influenza virus infection. Cell Rep. (2019) 28:245–256 4. doi: 10.1016/j.celrep.2019.05.105

78. Stefan, KL, Kim, MV, Iwasaki, A, and Kasper, DL. Commensal microbiota modulation of natural resistance to virus infection. Cell. (2020) 183:1312–1324 10. doi: 10.1016/j.cell.2020.10.047

79. Winkler, ES, Shrihari, S, Hykes, BL, Handley, SA, Andhey, PS, Huang, YJ, et al. The intestinal microbiome restricts alphavirus infection and dissemination through a bile acid-type i IFN signaling axis. Cell. (2020) 182:901–918.e18. doi: 10.1016/j.cell.2020.06.029

80. Erttmann, SF, Swacha, P, Min-Aung, K, Brindefalk, B, Jiang, H, Härtlova, A, et al. The gut microbiota prime systemic antiviral immunity via the cGAS-STING-IFN-I axis. Immunity. (2022) 55:847–861.e10. doi: 10.1016/j.immuni.2022.04.006

81. Groeger, D, Schiavi, E, Grant, R, Kurnik-Łucka, M, Michalovich, D, Williamson, R, et al. Intranasal bifidobacterium longum protects against viral-induced lung inflammation and injury in a murine model of lethal influenza infection. EBioMedicine. (2020) 60:102981. doi: 10.1016/j.ebiom.2020.102981

82. Hagihara, M, Yamashita, M, Ariyoshi, T, Eguchi, S, Minemura, A, Miura, D, et al. Clostridium butyricum-induced ω-3 fatty acid 18-HEPE elicits anti-influenza virus pneumonia effects through interferon-λ upregulation. Cell Rep. (2022) 41:111755. doi: 10.1016/j.celrep.2022.111755

83. Antunes, KH, et al. Short-chain fatty acid acetate triggers antiviral response mediated by RIG-i in cells from infants with respiratory syncytial virus bronchiolitis. vol. eBioMedicine. (2022) 77:103891. doi: 10.1016/j.ebiom.2022.103891

84. Antunes, KH, Stein, RT, Franceschina, C, da Silva, EF, de Freitas, DN, Silveira, J, et al. Airway-delivered short-chain fatty acid acetate boosts antiviral immunity during rhinovirus infection. J Allergy Clin Immunol. (2023) 151:447–457.e5. doi: 10.1016/j.jaci.2022.09.026

85. Chemudupati, M, Kenney, AD, Smith, AC, Fillinger, RJ, Zhang, L, Zani, A, et al. Butyrate reprograms expression of specific interferon-stimulated genes. J Virol. (2020) 94:e00326– 20. doi: 10.1128/JVI.00326-20

86. Yang, K, Hou, Y, Zhang, Y, Liang, H, Sharma, A, Zheng, W, et al. Suppression of local type i interferon by gut microbiota-derived butyrate impairs antitumor effects of ionizing radiation. J Exp Med. (2021) 218:e20201915. doi: 10.1084/jem.20201915

87. Belkacem, N, Bourdet-Sicard, R, and Taha, M-K. Lactobacillus paracasei feeding improves the control of secondary experimental meningococcal infection in flu-infected mice. BMC Infect Dis. (2018) 18:167. doi: 10.1186/s12879-018-3086-9

88. Verstraeten, S, Sencio, V, Raise, A, Huillet, E, Layec, S, Deruyter, L, et al. Description of a newly isolated blautia faecis strain and its benefit in mouse models of post-influenza secondary enteric and pulmonary infections. Nutrients. (2022) 14:1478. doi: 10.3390/nu14071478

89. Gohil, K, Samson, R, Dastager, S, and Dharne, M. Probiotics in the prophylaxis of COVID-19: something is better than nothing. 3 Biotech. (2021) 11:1. doi: 10.1007/s13205-020-02554-1

90. Demirci, M. Could faecalibacterium prausnitzii amount in the gut microbiota be used to monitor the COVID-19 severity? Turk J Gastroenterol. (2022) 33:899–900. doi: 10.5152/tjg.2022.22100

91. Nithin, KK, Patil, P, Bhandary, SK, Haridas, V, Suchetha Kumari, N, Sarathkumar, E, et al. Is butyrate a natural alternative to dexamethasone in the management of CoVID-19? F1000Res. (2021) 10:273. doi: 10.12688/f1000research.51786.1

92. Keeler, SP, Agapov, EV, Hinojosa, ME, Letvin, AN, Wu, K, Holtzman, MJ, et al. Influenza a virus infection causes chronic lung disease linked to sites of active viral RNA remnants. J Immunol. (2018) 201:2354–68. doi: 10.4049/jimmunol.1800671

93. Imai, M, Iwatsuki-Horimoto, K, Hatta, M, Loeber, S, Halfmann, PJ, Nakajima, N, et al. Syrian hamsters as a small animal model for SARS-CoV-2 infection and countermeasure development. Proc Natl Acad Sci USA. (2020) 117:16587–95. doi: 10.1073/pnas.2009799117

94. Meyerholz, DK, and Beck, AP. Histopathologic evaluation and scoring of viral lung infection. Methods Mol Biol. (2020) 2099:205–20. doi: 10.1007/978-1-0716-0211-9_16

95. González-Cabrera, J, Rodríguez-Vargas, S, Davies, TGE, Field, LM, Schmehl, D, Ellis, JD, et al. Novel mutations in the voltage-gated sodium channel of pyrethroid-resistant varroa destructor populations from the southeastern USA. PloS One. (2016) 11:e0155332. doi: 10.1371/journal.pone.0155332




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Chollet, Heumel, Deruyter, Bouilloux, Delval, Robert, Gevaert, Pichavant, Sencio, Robil, Wolowczuk, Sokol, Auger, Douablin, Langella, Chatel, Grangette and Trottein. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1347676-g004.jpg
Colon lenght (cm)

-~ Mock -= Vh - A2-165live -+ A2-165 pasteurized

120 0.1049
-
£ 110 150 o~
=] =
.g _g.
b
= 100 = .
s £ 100 A
£ - g
s % 50
= o
80 5
=
0
0 1 2 3 4 5 6 7
Days post infection
= Vh 4+ A2165live - A2-165 pasteurized (o} = Vh 4 A2-165 live + A2-165 pasteurized
*% 1004 " *
80
*kk o
1004 22 28 &
2 qos 3 E
=) Eo 40 sre
g1 i 8% 2 ‘L
; 108 i o § [ -
c 2c 10
S 105 s =
= = A le
@ 1oe 238 . "
g 103 SE ;
o 102 E 2
E 101 .
100
Mx1 Isg15 Ifnb Cxcl2
E
— = Vh 4 A2-165 live « A2-165 pasteurized
° ocl A A2-165 live
® Vh * A2-165 pasteurized 80 *
g ® r.
SE 40 . =
Eo A o
1K i :
03 - s =
8 < 1
x 4 " n
s A 0 L .
2e 2 . .
- A

Mx1 Isg15 Ifnb Tnfa Ifng





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Faecalibacterium duncaniae as a novel next generation probiotic against influenza

      

        		

          Introduction

        



        		

          Results

        

          		

            Oral administration of F. duncaniae protects against experimental influenza

          



          		

            The protective effect of F. duncaniae is not strain-specific and associates with enhanced type III IFN-Λ production

          



          		

            F. duncaniae treatment induces a distinct shift in gut microbial composition and restores the production of SCFAs during influenza

          



          		

            Live F. duncaniae is more potent than pasteurized F. duncaniae in mitigating negative influenza outcomes

          



          		

            F. duncaniae treatment is associated with fewer systemic bacterial infections after influenza

          



        



        



        		

          Discussion

        



        		

          Material and methods

        

          		

            Mice and infection

          



          		

            F. duncaniae culture and treatment

          



          		

            Body weight measurement and tissue collection

          



          		

            Quantification of viral loads in lungs

          



          		

            Assessment of gene expression by quantitative RT-PCR

          



          		

            Bronchoalveolar lavage fluid collection and determination of cytokine and chemokine levels

          



          		

            Lung histology

          



          		

            Sample collection, genomic DNA extraction and sequencing

          



          		

            Gut microbiota analysis

          



          		

            Measurement of SCFA concentrations in the cecal contents

          



          		

            Statistical analyses

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1347676-g003.jpg
@ Mock @ AVVh @ IAVIA2-165
°
°
Axis 2 (16.76 %) e o

Il 1AV/A2-165 Il 1AV/Vh

o Alkermansia
9_Odoribacter
o UBATIT3

_UBAZ882
o_Marseile_P3100

‘g Nanosyncoces.

o zagtit

-4 2 0 2

LDA SCORE (log 10)

Phylum

Verrucomicrobiota

15 A w
3
8
5 0.10
[ Bacillota_a 2
Bacteroidota |
- 2 005
g | Verrucomicrobiota 2 .
= g
3 Desulfobacterota k1
s [l Pseudomonadota 0.00-!
H & & @
H W acitiota & RN
2 ¥ W
] [ cyanobacteriota &
2 W sacteria
Z Cyanobacteriota
3 Patescibacteria
3
Actinomycetota T
| Bacillota_B g —
8 0006 *
H
H
2 -
5 0.004] .
8
H
' ! Ih i 200029
- Shostestl &
e 0.000-
Mock IAVIVh  1AVIA2-165
Acetate Propionate Butyrate
_ _8 hoscod _ 10
2 - =2
g 2 g s
a EW E
€ < S 6
] S s
B = B
£ g 5 4
€ £ 2 £
g ] H
8 3 g 5
H H H
s s S
S 8 S,
& & @
& @
S
¥






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2024.1347676_cover.jpg
& frontiers | Frontiers in Immunology

Faecalibacterium duncaniae as a novel next
generation probiotic against influenza





OEBPS/Images/fimmu-15-1347676-g001.jpg
% of initial weight

Fold increase compared
to mock infected mice

F.duncanize A2-165
IAV

(!! D-5 Do

-o- Mock -= IAV/Vh -+ IAV/A2-165

120
150
110 g
L
£ 100
100 =
£
90 £ s
=
=
80 =
0
0 1 2 3 4 5 6 7
Days post infection
= |AV/Vh s+ 1AVIA2-165
500 it
400
300
200 | . [y
100~ = - T A -

883
g

4

=

| 2L

»w

=p2 3

(1]

*

[~ Tl ]
(V1SS

[ =—=—1 L1l
=
| ‘l*

Mx1 Isg15 Ifnb Ifng Tnfa Il1b 16 Ccl2 Cxcl2

IAV/Vh Mock

IAV/IA2-165

Cumulative histological score

25

20

15

10

7 dpi
Sacrifice

Virus titers/lung (Log10)

= |AV/Vh

Fold increase compared
to mock infected mice

FoxJ1

'_I_i
—=

IAVIVh  |IAV/IA2-165

10°
108
107
10¢
105
104
10°
102
10*
100

4 |AVIA2-165

Cc10

Thickness of
basal membrane

Emphysema

Alveolar inflammation

% lung lesion *
Vascular inflammation
Vascular lesion

Bronchial inflammation *
Epithelial lesion





OEBPS/Images/fimmu-15-1347676-g005.jpg
CFUs

A

F.duncania A2-165

4—»
IAV S.p
CQ D-5 Do 1

Lungs
108
1 F = |AV/Vh
107
104 +  IAVIA2-165
L 1]
102

100

CFUs

9 dpi
Sacrifice

104

103

101

100

A

IAVIVh
IAV/A2-165





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1347676-g002.jpg
>

% of initial weight (7 dpi)

o

Fold increase compared
to mock infected mice

Concentration (pg/ml)

150

-
o
=)

50

500

100

80

60

40

20

Concentration (pg/ml)

IEN-B (pg/ml)

Virus titers/lung (Log10)

10°
108
107
106
108
104
103
102
101
10°

Mock 1AV

v

IAV/1-4574

¢ Mock
= JAV/Vh
v 1AV/I-4574

IAV copy number/pg RNA

800

600

400

IEN-22,3 (pg/ml)

200

Fold increase compared

to mock infected mice

Mock

3.0
25
2.0
1.5

1.0

1 ﬂ

FoxJ1

1AV

IAVIVh v

Cc10

= Vh
v 1-4574

IAV/I-4574






OEBPS/Images/table1.jpg
Oligonucleotides

Mx1

Isgl5

Ifnb

Ifng

Tnfa

I1b

Ils

Ccl2

Cxcl2

Fox]1

Forward 5“AGAAGGTGCGGCCCTGTATT-3'

Reverse 5-“TGAACTCTGGTCCCCAATGACA-3'

Forward 5-“GGCCACAGCAACATCTATGAGG-3'

Reverse 5'-CTCGAAGCTCAGCCAGAACTG-3'

Forward 5-“TGGGTGGAATGAGACTATTGTTG-3'

Reverse 5'-CTCCCACGTCAATCTTTCCTC-3'

Forward 5-CAACAGCAAGGCGAAAAAG-3'

Reverse 5'-GTGGACCACTCGGATGAGCT-3'

Forward 5-CATCTTCTCAAAATTCGAGTGACAA-3'

Reverse 5-“TGGGAGTAGACAAGGTACAACCC-3'

Forward 5-TCGTGCTGTCGGACCCATA-3'

Reverse 5-GTCGTTGCTTGGTTCTCCTTGT-3'

Forward 5-“CAACCACGGCCTTCCCTACT-3'

Reverse 5'-CCACGATTTCCCAGAGAACATG-3'

Forward 5-GCAGCAGGTGTCCCAAAGAA-3'

Reverse 5'-TCATTTGGTTCCGATCCAGGT-3'

Forward 5-GAAGTCATAGGCACTCTCA-3'

Reverse 5-TTCCGTTGAGGGACAGCA-3'

Forward 5-CCACCAAGATCACTCTGTCGG-3'

Reverse 5'-AGGACAGGTTGTGGCGGAT-3'

Ccl0

Zol

Forward 5-“CATCTGCCCAGGATTTCTTCAA-3'

Reverse 5'-CGCATTTTGCAGGTCTGAGC-3'

Forward 5-“AGGTCTTCGCAGCTCCAAGAGAAA-3'

Reverse 5'-ATCTGGCTCCTCTCTTGCCAACTT-3'





