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Introduction

Introduction: The influenza virus primarily targets the respiratory tract, yet both the respiratory and intestinal systems suffer damage during infection. The connection between lung and intestinal damage remains unclear.





Methods

Our experiment employs 16S rRNA technology and Liquid Chromatography-Mass Spectrometry (LC-MS) to detect the impact of influenza virus infection on the fecal content and metabolites in mice. Additionally, it investigates the effect of influenza virus infection on intestinal damage and its underlying mechanisms through HE staining, Western blot, Q-PCR, and flow cytometry.





Results

Our study found that influenza virus infection caused significant damage to both the lungs and intestines, with the virus detected exclusively in the lungs. Antibiotic treatment worsened the severity of lung and intestinal damage. Moreover, mRNA levels of Toll-like receptor 7 (TLR7) and Interferon-b (IFN-b) significantly increased in the lungs post-infection. Analysis of intestinal microbiota revealed notable shifts in composition after influenza infection, including increased Enterobacteriaceae and decreased Lactobacillaceae. Conversely, antibiotic treatment reduced microbial diversity, notably affecting Firmicutes, Proteobacteria, and Bacteroidetes. Metabolomics showed altered amino acid metabolism pathways due to influenza infection and antibiotics. Abnormal expression of indoleamine 2,3-dioxygenase 1 (IDO1) in the colon disrupted the balance between helper T17 cells (Th17) and regulatory T cells (Treg cells) in the intestine. Mice infected with the influenza virus and supplemented with tryptophan and Lactobacillus showed reduced lung and intestinal damage, decreased Enterobacteriaceae levels in the intestine, and decreased IDO1 activity.





Discussion

Overall, influenza infection caused damage to lung and intestinal tissues, disrupted intestinal microbiota and metabolites, and affected Th17/Treg balance. Antibiotic treatment exacerbated these effects. Supplementation with tryptophan and Lactobacillus improved lung and intestinal health, highlighting a new understanding of the lung-intestine connection in influenza-induced intestinal disease.
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1 Introduction

Due to the high levels of morbidity and mortality caused by the influenza virus worldwide, it is urgent to explore effective means to prevent and treat it. Respiratory symptoms are the major clinical manifestations of influenza infection, usually accompanied by gastrointestinal reactions. Understanding the underlying mechanisms that mediate the interaction between the lung and gastrointestinal tract has become a topic of great interest. Recent studies have clarified the importance of regulating intestinal microorganisms in host immunity (1, 2). The mechanisms by which the influenza virus alters intestinal microbiota are not fully understood, although several potential pathways may be involved. Work in our laboratory and others have demonstrated that genes associated with the Toll-like receptors (TLRs) signaling pathway and the downstream cytokines such as type I interferons (IFN-Is) play a key role in the alteration of intestinal microbiota induced by influenza virus infection. Toll-like receptors are a family of pattern recognition receptors (PRRs) in the innate immune response (3). TLRs can specifically recognize pathogen-associated molecular patterns (PAMPs) and transmit pathogen-related molecular signals into cells (4). Multistep signaling cascades can be initiated and subsequently trigger adaptive immune responses. Toll-like receptor-mediated IFN-I induction plays an important role in facilitating antiviral responses (5). Type I IFNs produced in the lungs, which are central to antiviral defenses, enhanced the inhibitory effect on the intestinal antibacterial and inflammatory responses (6).

In the intestine, commensal microbes assist in providing the body with sufficient and essential nutritional products (7). Therefore, the disturbance of microbial balance might have substantial consequences on host health through host microbial metabolism (8) and T cell response (9). Dysbacteria is often characterized by a depletion of obligate anaerobic bacteria and an enrichment of Proteobacteria in the gut (9, 10). In our study, when the delicate balance of intestinal microbiota was disrupted by the influenza virus and antibiotics, the number of Enterobacteriaceae increased while Lactobacillaceae decreased. It has become increasingly apparent that the microbiota modulates signaling pathways contributing to mucosal immune homeostasis through metabolites. The effects of several specific microbiota-derived metabolites on the immune system have been identified, including short-chain fatty acids (11, 12), indole (13), and polysaccharide A (14, 15). Among the microbial metabolites in the intestines, we are particularly interested in the tryptophan metabolism pathway. As an essential amino acid in mammals, tryptophan metabolites have been shown to be involved in gut immune homeostasis by regulating regulatory T cells (Tregs) and helper T17 cell (Th17) responses mediated by indoleamine 2,3-dioxygenase 1 (IDO1) (16, 17). Disruption of the balance between Th17 and Treg can induce immune injury in the intestine, with antibiotic treatment exacerbating such damage.

Thus, our study has revealed an interaction between the lungs and intestines mediated by commensal microbiota, which captures signals from microbial metabolites and subsequently alter the gastrointestinal microenvironment, exacerbating or alleviating intestinal injury.




2 Materials and methods



2.1 Mice and virus

Female BALB/c mice, with an average weight of (20 ± 2) g and 6–7 weeks old, were purchased from Shanghai Model Organisms Center and housed under SPF conditions. All animals were housed for 7 days to adjust to housing conditions under a strict 12-h light/dark cycle. In total, 50 mice were randomly divided into the mock-infected group, the virus-infected group, the antibiotic treatment group, the Lactobacillus treatment group, and the tryptophan treatment group (10 each). A/WSN/33 (H1N1; WSN) influenza virus was propagated in the allantoic cavity of 9-day-old embryonated chicken eggs. Titers were determined by a standard plaque assay on MDCK cells and viral stock was stored at -80°C. Mice were fully anesthetized by inhalation of diethyl ether and then infected with a sublethal dose (200 PFU) of the mouse-adapted A/WSN/33 (H1N1; WSN) influenza virus strain or Phosphate-Buffered Saline (PBS) by non-surgical intratracheal instillation.




2.2 Antibiotics, Lactobacillus, and tryptophan treatments

For the antibiotic treatment group, 1 day after infection with the virus, mice were treated with ampicillin (1 g/L), vancomycin (500 mg/L), neomycin sulfate (1 g/L), and metronidazole (1 g/L) by drinking water as previously described (18). For the Lactobacillus and tryptophan treatment groups, 1 week before infection with the virus, mice were treated with Lactobacillus (108 CFU/mL) and tryptophan (100 mg/kg/bw) by intragastric administration. Mice were monitored daily and weighed until day 9, after which all the mice were euthanized. Animal care and experimental procedures were followed in accordance with the experimental animal guidelines at USTC.




2.3 Determination of virus

Influenza virus in the lungs, colons, and small intestines was detected by PCR. The primer sequences to detect the gene encoding the matrix protein within the influenza virus were as follows: 5’ -GGACTGCAGCGTAGACGCTT-3’ (forward) and 5’ -CATCCT- GTTGTATATGAGGCCCAT-3’ (reverse).




2.4 Histopathology

Lung, colon, and small intestine tissues were collected and fixed immediately in 4% neutral-buffered formalin in PBS for>24 h, embedded in paraffin, and cut into 5–7µm sections. The sections were deparaffinized and stained with hematoxylin and eosin (H&E) to observe histological changes. Generic grading criteria histopathologic grades of the lungs were assigned as grade 0 (none), grade 1 (mild), grade 2 (moderate), and grade 3 (severe) based on an increasing extent and/or complexity of change (Table 1) (19–21). Generic grading criteria histopathologic grades of the intestine were assigned as grade 0 (none), grade 1 (mild), grade 2 (moderate), and grade 3 (severe) based on an increasing extent and/or complexity of change (Table 2) (22, 23).


Table 1 | Histopathologic grades of the lung.




Table 2 | Histopathologic grades of the intestine.






2.5 Real-time PCR

Total RNA was extracted from lung, colon, and intestine samples with the RNA isolator (Vazyme). The concentration and quality of the RNA were measured with a Nano Drop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Madison, WI, USA). Next, 2 μg of total RNA was treated with RNase-Free DNase (M6101; Promega, Madison, WI, USA) and was reverse transcribed according to the manufacturer’s instructions using a SYBR Premix Ex Taq (Vazyme). Two microliters of diluted cDNA (1:20, vol/vol) were used for real-time PCR with Mx3000 P Real-Time PCR System (Stratagene, USA). For analysis, the expression of the target gene was normalized to the housekeeping gene β-actin. Values of gene expression were then calculated using the mean from the control samples as a calibrator. The relative mRNA level of the target gene in each treatment group = the mRNA level of the target gene in the treatment group/mRNA level of the target gene in the control group. Primers were synthesized by Generay Biotech. A list of qPCR primers used in this study is provided in Table 3.


Table 3 | Sequences of primers used for RT-PCR.






2.6 Bacteria preparation

Lactobacillus brevis was provided by Shanghai Fuxiang Biotechnology Co., LTD, incubated in MRS broth (DeMan, Rogosa, Sharpe) under anaerobic conditions at 37 °C for 48 h. The optical density (OD) was measured at 620 nm to adjust the final concentration of the bacterial suspension, and the exact number of CFU was determined by plating serial dilutions of the inoculum onto MRS.




2.7 Analysis of the fecal microbiota

Fecal samples were collected from groups at 9 dpi, and then snap frozen in liquid nitrogen. In total, 40 mg of fecal sample from each mouse was subjected to DNA extraction according to a bead-beating method and followed by phenol-chloroform extraction (24). DNA extracts were diluted in 50 μl ddH2O prior to PCR reactions. Furthermore, 2 μl of extracted fecal bacterial DNA was used as a template for 16S qPCR reaction, operational taxonomic units (OTU) were identified and the linear discriminant analysis effect size (LEfSE) analysis was performed by Beijing Genomics Institute (BGI).




2.8 Analysis of the microbial metabolites

Fecal samples were first derivatized according to published methods with few modifications and analyzed with Gas Chromatography/Time-of-Flight Mass Spectrometry (GC/TOF-MS) (25). After a derivative process on a 10 mg fecal sample from each mouse was performed, 1 μL of the derivatized solution was injected into an Agilent 6890N gas chromatograph that was coupled with a Pegasus HT time-of-flight mass spectrometer (GC/TOFMS, Leco Corp., Joseph, MI) in splitless mode at 260˚C. Chroma TOF software v4.22 (Leco) was used for the multivariate analysis after the data from the GC/TOF-MS mass spectrogram and chromatogram were pretreated. All of the procedures were conducted according to previous publications (26). Metabolite identification was performed with SIMCA-p (13.0) software using PLS-DA and PCA models and metabolic pathways analysis was performed using Metaboanalyst software. The concentration of metabolites in the tryptophan pathway of the Lactobacillus and tryptophan treatment groups was analyzed with Liquid Chromatography-Mass Spectrometry (LC-MS). Thus, a 50 mg sample was placed into 2 mL centrifuge tube, 100 mg glass beads was added along with 200 μL 10% methanol formate solution and 200 μL sterile water and ground for 60 s in 40 HZ, and repeated two times. After centrifugation at 12000 rpm at 4°C for 10 min, 10 μL of the supernatant was diluted at a rate of 50 times as the high-content compound to be tested, and the supernatant was taken as the low-content compound to be tested. This was done using a C18 chromatographic column (2.1×100 mm, 1.7 m, Waters, USA) with an injection volume of 5 μL and a column temperature 40°C. Mobile phase A was 10% methanol (0.1% formic acid) and B was 50% methanol (0.1% formic acid). Gradient elution was performed and the flow rate was 0.4 mL/min. The mass spectrometer utilizes an electrospray ionization (ESI) source in positive ion ionization mode to detect intestinal metabolites. The ion source temperature was 500°C, the ion source voltage was 5500 V, the collision gas was 6 psi, the curtain gas was 30 psi, and the atomizing gas and the auxiliary gas were both 50 psi. Scanning was performed using multiple response monitoring (MRM).




2.9 Western blot

Total protein was extracted from mouse colon and intestine tissues using RIPA cracking liquid with PMSF inhibitors. In total, 40 μg of total protein was resolved using 12% SDS-PAGE gels and transferred to PVDF membranes. The membranes were blocked with 4% nonfat dried milk and incubated at 4°C with primary antibodies. Detection of mouse GAPDH was performed with primary mouse monoclonal antibody (MultiSciences Biotech), while detection of Indoleamine 2,3-dioxygenase 1 (IDO1) was performed with monoclonal mouse antibody (Proteintech). Retinoic acid-related orphan receptor gamma (RORγ) was detected by monoclonal rat antibody (Invitrogen). Forkhead box p3 (Foxp3) was detected by polyclonal rabbit antibody (Proteintech). After overnight incubation at 4°C, the blots were washed and then incubated for 2 h at room temperature with secondary goat anti-mouse, goat anti-rat, and goat anti-rabbit antibodies conjugate to horseradish peroxidase (HRP) (MultiSciences Biotech and Invitrogen, respectively). Then, the membranes were washed with TBST for 30 min, followed by detection with chemiluminescence and image densitometry analysis with a Tanon-6200 luminescent image analysis system (Tanon-6200, China) with BeyoECL Plus (Beyotime Biotechnology, China). After washing, bands were developed using followed by detection with chemiluminescence and image densitometry analysis with a Tanon-6200 luminescent image analysis system (Tanon-6200, China) with BeyoECL Plus (Beyotime Biotechnology, China).




2.10 Flow cytometry

The ileum and colon were longitudinally sliced into sections measuring 0.5 cm and then rinsed in Hanks’ Balanced Salt Solution containing 2% FCS. The tissues were placed in HBSS with 2 mM EDTA at 37°C for 20 minutes in a shaking incubator, incubated twice. Subsequently, they were digested in complete RPMI with 1 mg/mL Collagenase VIII (Sigma-Aldrich) at 37°C for 15 minutes, or until complete digestion of the tissue occurred. Lymphocyte separation was performed by using a Percoll lymphatic separator kit (Solarbio, Beijing, China). For surface markers, cells were incubated with fluorochrome conjugated antibodies against surface markers at 4°C for 30 min in the dark. For intracellular markers, cells were fixed and permeabilized with a Cytofix/Cytoperm TM Fixation/Permeabilization Solution Kit (BD Biosciences, catalog 554714) or a Foxp3/Transcription Factor Staining Buffer Set (eBioscience, catalog 00–5523-00), and then incubated with fluorochrome-conjugated antibodies at 4°C for an additional 30 min. Flow cytometric analyses utilized antibodies (Abs) that were acquired from BD Biosciences. Prior to staining, the cells underwent pre-treatment using Mouse BD Fc Block (BD Pharmingen, Franklin Lakes, NJ). Subsequently, they were stained with FITC-conjugated anti-CD4, PE-conjugated anti-RORγt, and APC-conjugated anti-Foxp3 following the guidelines provided by the manufacturer (Treg cells: CD4+Foxp3+; Th17 cells:CD4+Foxp3-RORγt+). At the same time, cells also made relevant isotype controls. Cell frequencies were calculated by adding Spherotech Accucount blank particles. Flow cytometry was performed on a FACS Calibur analyzer using the FACS Diva 6.2 software (BD Biosciences). Subsequently, the data was analyzed with FlowJo software.




2.11 Statistical analysis

The values of each group were shown as the mean ± standard error of the mean (SEM). Before analyses, we used the Kolmogorov–Smirnov test to assess whether the data were normally distributed. The variables met the assumptions for normality except for the sequencing data. Then, we used the independent samples T test to evaluate the significant difference between two different treatment groups by using SPSS 25.0 software (SPSS, Chicago, IL, USA). Correlation analysis, expressed as Spearman’s correlations (R > 0.5, P < 0.05), was performed to determine the correlations between the abundance of microbiota and intestinal development.





3 Results



3.1 Crosstalk between lung and intestines after influenza virus infection

In this study, mice were subjected to the H1N1 influenza virus to establish a mouse model of respiratory influenza infection. To confirm that the animal model was successfully established, we detected the expression of the influenza virus-derived matrix protein gene in the lungs, colon, and ileum at 9 days post infection (Figure 1A). In line with a previous study, we could only detect the presence of the virus in the lungs, revealing that respiratory epithelial is the primary target of influenza virus replication, and no infectious particles were found in the colon and ileum. The mice were then treated with combinatorial antibiotics via drinking water to perturb the intestinal microbiota 1 day after infecting them with H1N1 influenza virus. In addition to respiratory clinical signs, virus-and antibiotic-treated mice displayed gastrointestinal tract symptoms, including decreased food appetite, wet feces, and significant weight loss compared with the mock-infected mice. We observed the histopathology of the lung and intestine tissues at 9 dpi (Figure 1B). As expected, there were varying degrees of damage in the lungs and intestines of mice treated with the virus and antibiotics (Figures 1C–E). Histological analyses showed that inflammatory cell infiltration and pulmonary interstitial hyperplasia were evident in the lungs (Figure 1C) and the intestine tissues (Figures 1D, E) were disrupted in both groups. However, the injury in the intestines of the antibiotic group was more serious than that in the virus-infected group. These data indicated that immune injury in the intestines is indirectly caused by the influenza virus, and there may be underlying mechanisms connecting the lungs with the intestines.




Figure 1 | Influenza virus infection causes lung and intestinal immune injury. (A) The levels of the influenza virus–derived matrix protein gene in the lungs, colon, and ileum were detected by PCR; (B) Histology analysis including H&E (scale: 100 μm) of the lungs, colon, and ileum was observed at 9 days post infection; (C) Spider web plot displaying histopathological scoring of lung damage; (D) Spider web plot displaying histopathological scoring of colon damage; (E) Spider web plot displaying histopathological scoring of ileum damage. Con: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with PBS; Inf group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with influenza virus infection; Ant group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with a combination of antibiotics.






3.2 TLR7 signaling and IFN-α and IFN-β mRNA expression in the lungs and their correlation with viral RNA mRNA expression

TLRs play an important role in host defense against pathogens, and Toll-like receptor 7 (TLR7) can recognize the ssRNA of the influenza virus (27). Furthermore, TLR7 signaling also induces the production of downstream cytokines, such as IFN-α and IFN-β, which play a key role in facilitating antiviral responses (28). Base on the above, we hypothesized that TLR7 signaling may mediate the antiviral effect through the production of IFN-α and IFN-β during the influenza virus infection. To explore this hypothesis, we tested the mRNA levels of virus RNA, TLR7, Myeloid differentiation primary response 88 (MYD88), Interferon-alpha (IFN-α), and Interferon-gamma (IFN-β) in the lungs (Figures 2A–E). Virus RNA, TLR7, MYD88, and IFN-β mRNA levels increased significantly in the lungs of virus-infected and antibiotic-treated mice compared with the mock-infected mice. However, there was no significant difference in IFN-α mRNA level in the lungs between the experimental groups and the control group, which suggested that the influenza virus infection did not induce change in IFN-α in the lungs. In addition, we also detected the mRNA levels of TLR7, TLR9, and MYD88 in the colon (Figures 2F–H) and ileum (Figures 2I–K). Q-PCR results showed that there were no significant differences among the three groups in the mRNA levels of TLR7, TLR9, and MYD88 in both the colon and ileum. To assess the relationship between TLR7 and virus, IFN-β mRNA expression in the lungs of virus-infected and antibiotic-treated groups, we investigated the correlation of TLR7 mRNA level with viral RNA and IFN-β mRNA level and found that TLR7 mRNA level directly correlated with viral RNA and IFN-β mRNA level (Figure 2L). These findings collectively suggested that the upregulation of TLR7 in the lungs of virus-infected and antibiotic-treated mice is associated with influenza virus replication and IFN-β induction.




Figure 2 | Increased viral RNA, TLR7 signaling, and IFN-α and IFN-β mRNA expression in the lungs, colon, ileum, and their correlation. (A) TLR7 mRNA level; (B) TLR9 mRNA level; (C) Myd88 mRNA level; (D) IFN-α mRNA level; (E) IFN-β mRNA level in the lungs and (F) TLR7 mRNA level; (G) TLR9 mRNA level; (H) Myd88 mRNA level in the colon; (I) TLR7 mRNA level; (J) TLR9 mRNA level; (K) Myd88 mRNA level in the ileum. (L) Expression of TLR7 correlated with viral RNA and IFN-β mRNA levels in the lungs of the virus- and antibiotic-treated mice. Each dot represents data from one animal. Data are mean ± SEM. n = 3. Con: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with PBS; Inf group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with influenza virus infection; Ant group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with combination of antibiotics. Statistical analysis was performed by independent samples T test. **P < 0.01; ****P < 0.0001. All replicates are biological.






3.3 Antibiotics exacerbate the alteration of the intestinal microbiota

Previously, it was reported that IFN-α and IFN-β were induced in the lungs during influenza pulmonary infection and this altered the intestinal microbiota. In our research, it was clear that IFN-β might provide important signals critical for shaping the composition of the intestinal microbiota. Therefore, we analyzed the microbiota diversity and composition in the fecal contents of each group on the 9th day post infection (Figures 3A, B). Unexpectedly, our data showed that the intestinal microbiota had subtle changes in diversity and composition, but without alteration of bacterial community richness during influenza infection alone. On the contrary, microbial DNA extracted from fecal samples of the antibiotic-treated mice showed that antibiotic treatment could drastically alter the richness and components of the intestinal microbiota. Intuitively, antibiotic treatment has a more robust impact on microbiota composition. Although bacterial species showed some subtle differences between the virus- and mock-infected mice, Bacteroidetes and Firmicutes remained the most dominant colonizers, and a low abundance of Proteobacteria in the influenza infected group, which was consistent with the composition of normal intestinal microorganisms as previously reported (29, 30).




Figure 3 | H1N1 influenza virus-induced IFN-β alters the fecal microbiota diversity and composition; analysis of the fecal microbiota from the control, virus-infected mice, and antibiotic-treated mice during influenza infection. (A) The diversity of fecal microbiota from experimental groups on the 9th day post infection (dpi) was analyzed by sequencing; (B) Graph is the average relative abundance of each bacterial phylum; (C, D) LDA score about control and virus infection group, control, and antibiotic-treated group. Con: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with PBS; Inf group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with influenza virus infection; Ant group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with combination of antibiotics.



In contrast to the virus-infected mice, intestinal microbial diversity in the antibiotic-treated mice was significantly decreased compared with the mock-infected mice. Although Bacteroidetes and Firmicutes were still the major bacterial phyla in the fecal microbial community of antibiotic-treated mice, a significant blooming of Proteobacteria was noticed. Additionally, the results displayed a significantly lower level of Firmicutes in the stool samples of the antibiotic-treated mice compared with the mock- infected mice, and no statistical differences were found in the level of Bacteroidetes between them. To investigate which bacterial species contributed to the differences in intestinal microbiota in the virus-infected and antibiotic-treated mice, we performed linear discriminant analysis effect size (LEfSE) analysis (Figures 3C, D). In line with expectations, Enterobacteriaceae and Lactobacillaceae were involved in the bacterial species alterations in antibiotic-treated mice, as Enterobacteriaceae and Lactobacillaceae are the most relevant species of Proteobacteria and Firmicutes. The data also showed a change in the Lactobacillaceae of the virus-infected mice. These results indicated that the most striking changes in the fecal microbial community of the antibiotic-treated mice were the increased numbers of Enterobacteriaceae and the decreased numbers of Lactobacillaceae (31).




3.4 Tryptophan metabolism destroys the T cell balance in the intestines

Given that gut bacteria influence host metabolism and immunity through a variety of chemically different metabolites (32), we performed gas chromatography-time of flight mass spectrometry (GC-TOF/MS) to better understand the detailed metabolic information from the virus-infected and antibiotic-treated mice. The data, analyzed by partial least-squares discriminant analysis (PLS-DA), showed significant separation between the virus-infected mice and antibiotic-treated mice, with no obvious differences between virus-infected and mock-infected mice (Figure 4A). To determine the effects of intestine microbiota on metabolic processes during the infection, we utilized the Metaboanalyst software to screen the differentially altered metabolic pathways (Figures 4B, C). As expected, amino acid metabolism pathways were significantly altered in the feces of the virus-infected and antibiotic-treated mice. Among these pathways, we focused on tryptophan metabolism because correlation analysis revealed a close link with Lactobacillaceae and Enterobacteriaceae (Figures 5A, B), as previously reported (33). Almost all dietary tryptophan is metabolized in mammals by indoleamine 2,3-dioxygenase 1 (IDO1) (34), so we sought to determine if the protein level of IDO1 in the intestines of the virus-infected mice and antibiotic-treated mice was changed. We examined the protein expression of IDO1 in the colon (Figures 6A–C) and ileum (Figures 6D–F). Surprisingly, at both the transcriptional and protein levels, we found the completely opposite trend of IDO1 between the colon (upregulated) and ileum (downregulated) in both groups. The different expressions of IDO1 in different sites of the intestines suggests that the consequences of the microbiome and metabolomics in fecal contents cannot fully represent the immune condition in the small intestine. Although the microbiota composition and metabolic pathways differed between the virus-infected and antibiotic-treated mice, the trend of IDO1 level was consistent in both groups, indicating that other factors may mediate IDO1 expression, such as the aryl hydrocarbon receptor (AHR) (35) and IFN-γ (36). The level of IDO1 expression in intestinal mucosa indicates that IDO1 is a critical enzyme regulating the local tryptophan state; both dysregulation and overactivation can lead to alterations in immune activation. Thus, in this study, we investigated the tryptophan-influenced immune balance by exploring the equilibrium of Th17 and Treg cells in the colon and ileum of the virus-infected and antibiotic-treated mice. As the specific transcription factor for Th17 and Treg cells, the expression of Retinoic acid-related orphan receptor gamma (RORγ) and Forkhead box p3 (Foxp3) were detected in tissues (Figures 6G–L). We found that the expressions of Foxp3 increased and the expression of RORγ decreased in the colon of the experimental groups (Figures 6G–I), which contrasts with the findings in the ileum (Figures 6J–L). The expression of Foxp3 in the ileum showed no difference between the virus-infected mice and mock-infected mice, which may explain why intestine destruction was much more serious in the antibiotic-treated mice.




Figure 4 | Analysis of fecal metabolic characteristics associated with H1N1 influenza virus infection by GC/TOF-MS. (A) Fecal matter from mice treated with H1N1 influenza virus or antibiotics for 9 days or treated with PBS were analyzed by GC/TOF-MS and then further examined through partial least squares discriminant analysis (PLS-DA) to compare between the three groups. The 563 metabolic features were examined for pathway enrichment analysis using Metaboanalyst software; (B) The metabolic pathways significantly affected by influenza virus infection between the control and virus-infected groups. (C) The metabolic pathways significantly affected by influenza virus infection and antibiotic treatment between the control and antibiotic-treated groups.






Figure 5 | Correlation analysis of intestinal microorganisms and metabolites between the virus-infected group and antibiotic-treated group. (A) virus-infected group; (B) antibiotic-treatment group.






Figure 6 | The expression of IDO1, RORγ, and Foxp3 in the colon and ileum. The expression of IDO1 at the transcriptional level and protein level in the (A–C) colon and (D–F) ileum of the experimental group at the 9th day post infection; RORγ and Foxp3 were detected by immunoblot in the (G–I) colon and (J–L) ileum of the experimental group at 9th day post infection. Each dot represents data from one animal. Data are mean ± SEM. n = 3. Con: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with PBS; Inf group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with influenza virus infection; Ant group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with the combination of antibiotics. Statistical analysis was performed by independent samples T test. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significant difference. All replicates are biological.



Additionally, we isolated lymphocytes from the colon and ileum and used flow cytometry to separate T cells in the intestine, further examining the quantities of Treg cells (CD4+Foxp3+) and Th17 cells (CD4+Foxp3-RORγt+). The results are shown in Figure 7. Influenza virus infection significantly increased the number of Treg cells in the colon (Figure 7A) and decreased the number of Th17 cells (Figure 7B). Furthermore, the influenza virus did not significantly affect the number of Treg cells in the ileum (Figure 7C), but there was a significant increase in the number of Th17 cells in the ileum following influenza virus infection (Figure 7D).




Figure 7 | Effects of influenza virus infection on the quantity of Treg cells and Th17 cells in the colon and ileum of mice. The frequencies of Treg cells (A), and Th17 cells (B) of colon lymphocytes were analyzed by flow cytometry. The frequencies of Treg cell (C), and Th17 cells (D) of ileum lymphocytes were analyzed by flow cytometry. Treg cell, CD4+Foxp3+; Th17 cell, CD4+Foxp3-RORγt+. Each dot represents data from one animal. Data are mean ± SEM. n = 3. Con: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with PBS; Inf group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with influenza virus infection; Ant group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with combination of antibiotics. Statistical analysis was performed by independent samples T test. *P < 0.05; **P < 0.01. All replicates are biological.






3.5 Regulatory effects of tryptophan and Lactobacillus in mice with influenza virus

This study investigated the role of microorganisms and metabolites in the damage caused by the influenza virus in lung and intestinal tissues through supplementation of Lactobacillus and tryptophan in the gastrointestinal tract during influenza infection. As shown in Figures 8A, B, lung tissue sections in the control group showed integrity alveolar morphology, no secretions in the cavity, and no inflammatory cell infiltration. While in the virus-infected group, the alveolar structure was disordered and there was a large number of inflammatory cell infiltrations. Alveolar morphology in the tryptophan group and Lactobacillus group was similar, with a small number of inflammatory cell infiltrations. The colon and ileum sections of the control group showed complete epithelial structure and uniform villi length, while the colon and ileum were damaged in the virus-infection group with inflammatory cell infiltration and epithelial damage (Figures 8C, D). However, the tryptophan group and the Lactobacillus supplement group significantly alleviated lung and intestinal damage caused by influenza virus infection. This was evident in reduced peribronchial inflammation, ameliorated crypt damage, crypt atrophy, and inflammatory cell infiltration in the colon and ileum.




Figure 8 | Effects of the influenza virus, tryptophann and Lactobacillus on lung and intestinal tissue structure. (A) Histology analysis including H&E (scale: 100 μm) of the lungs, colon, and ileum was observed at 9 days post infection; (B) Spider web plot displaying histopathological scoring of lung damage; (C) Spider web plot displaying histopathological scoring of colon damage; (D) Spider web plot displaying histopathological scoring of ileum damage. Con: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with PBS; Inf group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were mice treated with influenza virus infection; Trp group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with exogenous tryptophan supplement; Lac group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with exogenous Lactobacillus supplement.



The expression of Enterobacteriaceae (Figure 9A) and Lactobacillus (Figure 9B) in the intestines was detected by qPCR. Compared with the control group, the number of Enterobacteriaceae increased in the infected group with no significant difference. Compared with the infection group, the number of Enterobacteriaceae was significantly reduced in the tryptophan group and Lactobacillus group. Compared with the control group, the number of Lactobacillaceae in the infected group was significantly reduced. Compared with the infection group, there was no significant difference between the tryptophan group and the Lactobacillus group.




Figure 9 | Effects of influenza virus, tryptophan and Lactobacillus supplement on the expression of (A) Enterobacteriaceae and (B) Lactobacillus in the intestine. Each dot represents data from one animal. Data are mean ± SEM. n = 3. Con: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with PBS; Inf group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were mice treated with influenza virus infection; Trp group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with exogenous tryptophan supplement; Lac group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with exogenous Lactobacillus supplement. Statistical analysis was performed by independent samples T test. *P < 0.05; **P < 0.01. All replicates are biological.



We performed liquid chromatography-mass spectrometry (LC-MS) to analyze the concentration of metabolites in the tryptophan metabolic pathway (Figure 10). The concentration of tryptophan was not significantly different between the control and infection groups and the concentration of tryptophan in the tryptophan group and the Lactobacillus group showed no significant difference from the infection group (Figure 10A). The concentration of picolinic acid in the infected group was not significantly different from that in the control group, and the concentration of picolinic acid in the tryptophan group and Lactobacillus group was significantly lower than that in the infected group (Figure 10B). Compared with the control group, the concentration of tryptamine (Figure 10D), kynurenic acid (Figure 10E), and kynurenine (Figure 10F) in the infected group was significantly reduced and remarkably increased in the tryptophan group and the Lactobacillus group. However, there was no significant difference in the Xanthurenic acid concentration of the four groups (Figure 10C).




Figure 10 | Effects of influenza virus infection and exogenous supplementation of tryptophan and Lactobacillus on the concentration of tryptophan-related metabolites in the intestine of mice. The concentration of (A) Tryptophan; (B) Picolinic acid; (C) Xanthurenic acid; (D) Tryptamine; (E) Kynurenic acid; (F) Kynurenine in the Con, Inf, Try, and Lac groups at 9th day post infection in the cecum microbiota. Each dot represents data from one animal. Data are mean ± SEM. n = 3. Con: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with PBS; Inf group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were mice treated with influenza virus infection; Trp group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with exogenous tryptophan supplement; Lac group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with exogenous Lactobacillus supplement. Statistical analysis was performed by independent samples T test. *P < 0.05; **P < 0.01. All replicates are biological.



To further evaluate the alteration of metabolites in the tryptophan metabolic pathway, the expression of the rate-limiting enzyme IDO1 in tryptophan metabolism was detected (Figures 11A, B). Compared with the control group, the expression of IDO1 in the infection group was significantly increased, the expression of IDO1 in the Lactobacillus group was significantly decreased compared with the infection group (P<0.01), and there was no significant change in the tryptophan group.




Figure 11 | The expression of IDO1 in the intestine. (A) Western blot results for IDO1; (B) Statistical results of IDO1 expression levels in four groups. Protein expression = IDO1 protein level / GAPDH protein level. Each dot represents data from one animal. Data are mean ± SEM. n = 3. Con: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with PBS; Inf group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were mice treated with influenza virus infection; Trp group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with exogenous tryptophan supplement; Lac group: Female BALB/c mice aged 6 to 7 weeks (20 ± 2 g) were treated with exogenous Lactobacillus supplement. Statistical analysis was performed by independent samples T test. **P < 0.01; ***P < 0.001. All replicates are biological.







4 Discussion

Influenza virus infection also causes immune injury in the mucosal tissues, implying that an underlying association existed between respiratory and intestinal tract. Thus far, studies have provided evidences to support the concept of “common mucosal immune system” (37). Soner Yildiz and colleagues observed that influenza virus infection had little effect on lower respiratory tract microbiota abundance and composition (38), which indicated that changes in intestine tract microbiota rather than in respiratory tract microbiota are involved in the connection between the lungs and gut after IAV infection. Multiple studies have identified that germ-free mice exhibit impaired gastrointestinal tract (GI) development (39) and an undeveloped adaptive immune system (40) which highlights the importance of the GI microbiota to host immunity. Alterations to the intestinal microbiota not only affect the host’s susceptibility to opportunistic pathogens but also can have a broad impact on the immune status and function of the host.

As a crucial bridge between innate and adaptive immunity, toll-like receptors activate the MyD88-dependent signaling pathway (41), leading to the release of inflammatory mediators such as IFN-β. In our study, we found that the expression of TLR7 signaling and IFN-β were significantly upregulated in lungs attacked by influenza virus alone or with the administration of combinatorial antibiotics. Nevertheless, in the antibiotic-treated mice, the expression of components of the TLR7 signaling pathway was inconsistent with the results reported by others (31). This could be due to the difference in time point for antibiotic administration. In our model, the mice were treated with antibiotics 1 day after infection, while in others, antibiotics were taken at least 1 week before infection with the flu virus (42, 43). We assume that the antibiotic-induced dysbacteriosis in others was worse than that in our model which resulted in the differential expression of TLR7 signaling. Being the downstream signaling-related inflammatory cytokines of TLR7, IFN-β expression was also elevated in the lungs of the virus-infected and antibiotic-treated mice. It has been confirmed that influenza pulmonary infection can significantly alter the intestinal microbiota profile through a mechanism dependent on type I interferon using Ifnar1–/–mice, but it is not clear whether one or both of them make the major contribution to this mechanism, because the type I interferon family consists of IFN-α and IFN-β. In our study, IFN-α did not react to the influenza infection, therefore IFN-β may be the key factor in the type I interferon family to influence the intestinal microbiota or the high level of IFN-α did not last for a long time. Interestingly, as shown in the present study, microbiota abundance and composition did not significantly change in the fecal contents of the virus-infected mice in spite of significantly increased IFN-β. One explanation may relate to the variation in immune status in the virus-infected mice at 9 dpi. At this time point, the mice may have been at the stage of self-healing, the recovery of intestinal microorganisms prior to virus clearance and mucosal epithelium repair, and then the use of antibiotics disrupted the microbiota homeostasis.

It is well known that the dynamic interaction between the host and its microbiota have a profound effect on achieving and maintaining homeostasis (44). Our study, coupled with other recent reports, focused on the bacterial species and specific microbial metabolites to better understand the crosstalk between host immunity and microbial mutualism. Colonization of mice by Clostridium strains in the colon (45) or Segmented filamentous bacterium in the small intestine (46) resulted in resistance to colitis and reduced growth of intestinal pathogens. Treating mice with sensitive drugs for Escherichia coli or supplementing with extrinsic probiotics will help to prevent dysbacteriosis and protect mice against immune injury induced by influenza infection. This research confirmed the importance of the manipulation of commensal bacteria in the intestines. The microbiome results in our study revealed increased Enterobacteriaceae in the antibiotic-treated mice and decreased Lactobacillaceae in both groups. Therefore, the alteration of the opportunistic pathogen—Enterobacteriaceae and probiotic—Lactobacillaceae in the intestine will influence host immunity.

There was a significant change in the tryptophan metabolism pathway in the stool samples of the antibiotic-treated mice in our study. Tryptophan metabolism can be divided into endogenous host metabolites and microbiome-modulated metabolites. Since the microbiota can directly and indirectly modulate host endogenous tryptophan metabolism and tryptophan is primarily metabolized through the kynurenine pathway, we detected the expression of IDO1, the rate-limiting enzyme of kynurenine pathway (47), in the colon and small intestine of the virus-infected and antibiotic-treated mice.

The IDO1 expression in the colon was totally opposite to its expression in the small intestine of two groups which may have been caused by the different distribution of gut microbes in different sites. The colon is the home to the most dense and metabolically active community (48) whereas the upper two-thirds of the small intestine only contains low numbers of microorganisms, which suggests that the level of IDO1 may be related to the diversity of gut microbes. Increased IDO1 activity shows immunosuppression and decreased IDO1 activity shows weak resistance to pathogens, thus a delicate balance between pathogen defense and host protection is important to keep immune homeostasis in the intestine. This double-edged sword function of IDO1 explains why the different expression of IDO1 in both the colon and small intestine could cause injury.

In addition to being a rate-limited enzyme in the kynurenine pathway, IDO1 also plays an essential role in maintaining an immune environment. The depletion of tryptophan and production of associated metabolites leads to cell cycle arrest of immune cells, activates regulatory T-cells and blocks their conversion into Th17-like cells (49). In this study, the expression of Foxp3 and RORγ in the colon and small intestine was basically consistent with the immunoregulatory mechanism of IDO1. Together with the intestinal pathology, it showed that intestinal immune damage was related to Th17/Treg imbalance, and Th17/Treg was a good indicator to evaluate intestinal damage. Combining histology and protein expression, the intestines of the antibiotic group had more serious injuries and an increase of Enterobacteriaceae was only detected in the antibiotic group. These data might confirm our hypothesis that the increase of Enterobacteriaceae might be the main cause of intestinal immune injury during influenza infection which was in accord with an earlier report.

Our study showed that Lactobacillus and tryptophan in the intestinal tract were significantly reduced after influenza infection. The changes of microorganisms and metabolites caused serious damage to the respiratory tract and intestinal tract of the hosts. Oral probiotics not only have a direct effect on the intestinal tract, but also have immunomodulatory effects on parenteral tissues, such as the improvement of inflammatory bowel disease and pulmonary infection. Tryptophan is not only an essential nutrient for the body, but plays a vital role in the maintenance of intestinal immune tolerance and the balance of intestinal microbiota. To investigate the regulatory effects of Lactobacillus and tryptophan on influenza virus-induced damage, we analyzed the effects of Lactobacillus and tryptophan in the respiratory tract and intestinal tract of influenza infected mice. Hematoxylin and eosin (H&E) staining showed that supplementation with both Lactobacillus and tryptophan had the remission effect on the damage in the lungs and intestines caused by influenza. Lactobacillus can reduce the severity of colitis by improving metabolites in serum and intestinal microbiota, indicating that Lactobacillus can prevent tissue damage caused by colitis (50). The lack of dietary tryptophan would impair the intestinal immunity of mice and change the intestinal microbial community, indicating that tryptophan is an important regulatory factor for maintaining intestinal mucosal homeostasis (51). These results are consistent with the effects of Lactobacillus and tryptophan on lung and intestinal mucosal injury in this study.

In summary, our study suggested that influenza virus infection can affect the homeostasis of the gut microbiota through the lung-gut axis, thereby influencing the levels of tryptophan-related metabolites in the gut microbiota. Additionally, indoleamine 2,3-dioxygenase 1(IDO1), which acts as a key rate-limiting enzyme in tryptophan metabolism is significantly affected by influenza virus infection. Our experimental results indicated that influenza virus infection can significantly increase the expression of IDO1 in the colon. When IDO1 activity is enhanced, tryptophan consumption accelerates, leading to a decrease in tryptophan concentration. This promotes the production of Tregs and inhibits the helper T cell (Th17) response, thereby suppressing intestinal mucosal immune function. Ultimately, influenza virus infection can cause intestinal pathological damage and hinder intestinal health and development (Figure 12). In subsequent experiments, we plan to use IDO1 knockout mice to further investigate the specific mechanisms.




Figure 12 | Graphical abstract. Infection with H1N1 influenza virus not only damages the lungs of mice but also causes injury to intestinal epithelial cells and crypt atrophy in the intestine. It induces dysbiosis of the intestinal microbiota, leading to decreased diversity and richness of gut microbiota, reduced abundance of Lactobacillus, and inhibition of metabolic products especially related to tryptophan metabolism pathways. This imbalance results in disrupted proportions of Treg cells and Th17 cells in the intestines, impairing intestinal mucosal immune function. Antibiotic treatment did not significantly improve these effects. However, supplementation with exogenous tryptophan or treatment with Lactobacilli significantly improved pathological damage to the lungs and intestines caused by influenza virus infection, restored the balance of Treg cells and Th17 cells, and recovered intestinal mucosal immune function.
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