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[bookmark: OLE_LINK176][bookmark: OLE_LINK173][bookmark: OLE_LINK2001][bookmark: OLE_LINK439][bookmark: OLE_LINK2000][bookmark: OLE_LINK438]ABSTRACT
Background and Purpose
Uncontrollable inflammation has been the leading cause of mortality in many acute respiratory infections, including influenza. In light of the current COVID-19 pandemic, it is vital to develop valid therapeutics or supplements that are effective in suppressing lung inflammation. Feruloylated oligosaccharides (FOs) is a phytochemical constituent that exerts anti-inflammatory activities.
Experimental Approach
    We established the influenza-induced lung inflammation model by infecting C57BL/6J mice or MAVS knockout (Mavstm1Zjc/J) mice with influenza A virus (H1N1). Lung index, histology analysis, hemagglutination inhibition assay as well as neuraminidase inhibition assay were performed to evaluate the therapeutic effect of FA and FOs. PCR, western blot, docking simulation and metabolomics were done to elucidate the mechanism of FOs anti-inflammatory function in lung.
Key Results
Herein, we found that oral administration of FOs moderately inhibited H1N1 virus infection and reduced lung inflammation in influenza-infected mice by decreasing a wide spectrum of cytokines in the lungs. FOs also suppressed transduction of the RIG-I/MAVS/TRAF3 signaling pathway and lowered the expression of NF-κB. Moreover, we found that the anti-inflammatory function of FOs against influenza depends on MAVS, which is closely associated with activation of the downstream signaling cascades and the eventual production of pro-inflammatory cytokines and type I interferons.
Conclusions and Implications
[bookmark: OLE_LINK607][bookmark: OLE_LINK606][bookmark: OLE_LINK2035][bookmark: OLE_LINK2036][bookmark: OLE_LINK81][bookmark: OLE_LINK90][bookmark: OLE_LINK106][bookmark: OLE_LINK499][bookmark: OLE_LINK348][bookmark: OLE_LINK120][bookmark: OLE_LINK341][bookmark: OLE_LINK349][bookmark: OLE_LINK179][bookmark: OLE_LINK23][bookmark: OLE_LINK210][bookmark: OLE_LINK493][bookmark: OLE_LINK178][bookmark: OLE_LINK177][bookmark: OLE_LINK109][bookmark: OLE_LINK340]In conclusion, we demonstrated that FOs is an effective anti-inflammatory agent for treating the lung inflammation caused by influenza. Such therapeutic effect was likely mediated by RIG-I/MAVS/TRAF signaling.
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1. Introduction
[bookmark: OLE_LINK359][bookmark: OLE_LINK367][bookmark: OLE_LINK246][bookmark: OLE_LINK21][bookmark: OLE_LINK245][bookmark: OLE_LINK22][bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK152][bookmark: OLE_LINK151][bookmark: OLE_LINK191][bookmark: OLE_LINK190]Acute respiratory infections, such as influenza and COVID-19 have been unresolved public health crisis. The current COVID-19 pandemic has led to over 2.7 million deaths within one year, while recurring influenza such as H1N1 has been responsible for over 50 million deaths in the past decades (Louie et al., 2009; Merad & Martin, 2020). To date, there are very few effective drugs for acute respiratory infections. A previous study reported that excessive inflammation in lungs, referred to as ‘cytokine storm’, is one of the leading causes of the critical illness and mortality of respiratory infections (Jochems et al., 2018). Accumulating clinical evidences have indicated that anti-inflammation is an efficacious strategy to treat the acute respiratory infections caused by influenza virus (Sun et al., 2009). However, the current anti-inflammation approaches against influenza have inevitable limitations or safety issues. For example, anti-IL-6 monoclonal antibody, a robust cytokine antagonist, has showed premiere efficacy to treat cancers or rheumatoid arthritis (Mace et al., 2018; Wendling et al., 1993), but its widespread application is limited by its complicated and nuanced manufacturing process. Thus, such drawbacks hinder the feasibility of using interleukin monoclonal antibodies to combat infectious disease. In addition to interleukin monoclonal antibodies, corticosteroids or non-steroidal anti-inflammatory drugs can also be used to treat infectious diseases. However, long-term use of corticosteroids may lead to endocrine disorders and developmental toxicity, particularly in pediatric patients (Aljebab et al., 2016). Moreover, non-steroidal anti-inflammatory drugs, such as acetaminophen, have a high risk of liver injury (Iorga et al., 2021; Tao et al., 2020).
[bookmark: OLE_LINK14][bookmark: OLE_LINK32][bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: OLE_LINK34][bookmark: OLE_LINK40][bookmark: OLE_LINK33][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK322][bookmark: OLE_LINK540][bookmark: OLE_LINK211][bookmark: OLE_LINK194][bookmark: OLE_LINK196][bookmark: OLE_LINK195][bookmark: OLE_LINK539][bookmark: OLE_LINK197][bookmark: OLE_LINK407][bookmark: OLE_LINK406][bookmark: OLE_LINK43][bookmark: OLE_LINK42][bookmark: OLE_LINK203][bookmark: OLE_LINK417][bookmark: OLE_LINK408][bookmark: OLE_LINK209][bookmark: OLE_LINK361][bookmark: OLE_LINK362]Fever, cough, pharyngitis, myalgia, and fatigue are common influenza symptoms. Furthermore, many patients experience abnormalities in their gastrointestinal function, such as vomiting, diarrhea, and nausea, though these symptoms are more common in children than adults (Yuen et al., 1998). A perplexing phenomenon associated with respiratory influenza infection is gastrointestinal damage. Through the "gut-lung axis", which describes the common mucosal immune system of the gastrointestinal tract and lungs, the gut microbiome may play a role in chronic and acute respiratory diseases, including influenza and SARS-CoV-2 infection(Zhang et al., 2021). FOs can release ferulic acid (FA) and oligosaccharides in the colon after fermentation by gut microorganisms. Oligosaccharides can promote the proliferation of beneficial bacteria, inhibit the growth of pathogenic bacteria, and affect the metabolism, exerting a variety of biological activities(Tingirikari, 2018; Wang et al., 2019; Yang et al., 2020). As for ferulic acid (FA), a phenolic acid historically used in herbal medicines, is very potent in modulating inflammatory response in many diseases (Zhang et al., 2018). In vitro studies have also revealed that FA has neuraminidase (NA) inhibitory activity against influenza virus (Cui et al., 2020), porcine parvovirus (Ma et al., 2020), and hepatitis C virus (Mustafa et al., 2020). In our previous studies, we have also revealed that FOs exert the anti-inflammatory effect through inhibiting the release of IL-23 and IL-6, and increasing release of the transforming growth factor-β1 (TGF-β1) in dendritic cells (Huang, Ho, et al., 2018; Huang, Wang, Tao, et al., 2018; Huang et al., 2016; Li et al., 2020; Xia et al., 2019). In Xia et al., (2019), we demonstrated that oral FOs attenuated intestinal inflammation in mouse colitis by modulating the nuclear factor-κB (NF-κB) pathway. In addition, (Li et al., 2020) reported that FOs decreased the number of microglia during neuro-inflammation, thereby resulting in the downregulation of interleukin-1α (IL-1α), IL-2, IL-6, IL-18, and TNF-α in the central nervous system. Collectively, these findings indicate that FOs have profound anti-inflammatory effects, which suggests that it is a prospective therapeutic for influenza-induced pneumonia. However, whether regulating the intestinal flora is one of the ways FOs treats influenza has not been confirmed, and solid evidences are required to validate the effectiveness of FOs in suppressing influenza-induced lung inflammation.
[bookmark: OLE_LINK823][bookmark: OLE_LINK824][bookmark: OLE_LINK479][bookmark: OLE_LINK257][bookmark: OLE_LINK482][bookmark: OLE_LINK258][bookmark: OLE_LINK481][bookmark: OLE_LINK92][bookmark: OLE_LINK93]As FOs slowly release FA thereby producing a prolonged exposure of free FA and release oligosaccharides in the colon after fermentation by gut microorganisms. In this study, we hypothesized that FOs would reduce pulmonary inflammation caused by influenza by inhibiting RIG-I/MAVS, and improve intestinal flora dysbiosis, which may be associated with improved immune status. The main aim of the study was to elucidate the underlying mechanism through which FOs resist the lung inflammation induced by influenza virus in mice model.
2. Methods
2.1 FOs Preparation
We isolated FOs from maize bran (Longlive Bio-Technology Co., Ltd, Dezhou, Shandong, China) using a protocol described in our previous studies (Huang et al., 2019; Huang, Wang, Yang, et al., 2018; Yao et al., 2014). Firstly, we oven-dried the maize bran at 105°C for 6 h, followed by crushing the bran to ensure that it passes through a 45-mesh sieve. Next, 2000 g of the maize bran powder was destarched and deproteinized using 3% heat-stable α-amylase and 1% papain (preactivation at 65°C for 30 min), respectively, in a biological reactor (Zhenjiang East bioengineering Co., Zhenjiang, Jiangsu Province, China). The water-insoluble dietary fiber was then washed three times with water. After oven-drying at 110°C for 6 h, the dried maize bran was suspended in 10 volumes of oxalic acid solution (6 g/L), followed by autoclaving at 120°C for 30 min to release FOs as crude extracts. After cooling, the crude extracts were filtered using a 200-mesh nylon cloth, and then ultrafiltered through 5 kDa membranes with a Pellion XL 50 cassette and a Labscale TFF system, respectively. Further purification of the filtrate (filtrate/resin, 2/1) was done by loading on an Amberlite XAD-2 (Sigma-Aldrich Inc., St Louis, MO, USA) filled column, and elution using 10 volumes of deionized water to remove oxalic acid and other impurities. Next, we used five volumes of 50% ethanol to elute the FOs. The final eluent was vacuum-concentrated to achieve approximately 70% moisture content and then freeze-dried at -60°C to obtain the FOs.
The content of ferulic acid was determined using a HPLC system according to a previously described protocol (Yao et al., 2014). HPLC analysis was performed using an Agilent Eclipse XDB-C18 column (4.6 mm × 250 mm, 5μm, Agilent Technologies, CA, U.S.A.) with a binary elution program using 0.1% acetic acid as solvent A and methanol as solvent B. A 10µL sample was injected and analyzed using the following program: 0−30 min, 28%−48% B; 30−60 min, 48%−68% B; and 60−90 min, 68%−28% B in a 0.8 mL/min flow rate. For release of total ferulic acid, FOs was hydrolyzed using 1.0 M and 10 volumes of NaOH. The content of bound ferulic acid = total FA – free FA.
We then used the dinitrosalicylic acid (DNS) method to determine the content of reducing sugars after the FOs was acid-hydrolyzed by 1 M H2SO4 under 100°C for 3 h according to the method described by (van den Borne et al., 2012). The average degree of polymerization (DP) was measured as the ratio of total content of sugars and the content of reducing sugars. 
[bookmark: OLE_LINK38]The composition of monosaccharides in FOs was determined after hydrolyzation using an ICS-2500 model (Sunnyvale, CA, USA) ion chromatogram with an ED50A pulsed amperometric detector. Notably, we used a Diones PA 10 (250 mm, 5µm) column at 30°C. We injected a 10µL sample and eluted it using 10.0mol/L NaOH at a flow rate of 0.25 mL/min. A mixture of 8µmol/L monosaccharides was used as the standard.
Furthermore, the FOs were analyzed in an Agilent 1100 HPLC equipped with quaternary pumps, a 4000Q TRAP mass spectrometer (Applied Biosystem Sciex), and an electrospray ionization source (ESI, Thermo Scientific) or an atmospheric pressure chemical ionization (APCI) ion source. An Agilent Eclipse XDB-C 18 column (2.1 mm × 150 mm, 5μm) was used to separate the samples. The mobile phase had 0.01% formic acid (A) and methanol (B), and it used the following stepwise gradient elution time scale: 0−5 min, 10% B; 5−20 min, 25% B; 20−25 min, 32% B; and 25−35 min, 10% B. Notably, the flow rate was 0.3mL/min, and the column temperature was set at 23ºC. ESI-positive or -negative ions (H+) were used to determine the molecular weight of the components in the hydrolysates. Finally, a full-scan MS was conducted using APCI-MS.
2.2 Animals and Virus 
[bookmark: OLE_LINK412][bookmark: OLE_LINK413][bookmark: OLE_LINK1932][bookmark: OLE_LINK1933][bookmark: OLE_LINK299][bookmark: OLE_LINK300]The experiment was conducted under the supervision and evaluation of the Experimental Animal Ethics Committee of Jinan University (Jinan University, Guangzhou, China). All experimental procedures were performed in accordance with the "Guidelines for the Care and Use of Laboratory Animals" (9th edition; National Institutes of Health, Bethesda, Maryland). 
[bookmark: OLE_LINK486][bookmark: OLE_LINK485][bookmark: OLE_LINK837][bookmark: OLE_LINK838][bookmark: OLE_LINK833][bookmark: OLE_LINK834][bookmark: OLE_LINK835][bookmark: OLE_LINK836][bookmark: OLE_LINK614][bookmark: OLE_LINK615][bookmark: OLE_LINK514][bookmark: OLE_LINK518][bookmark: OLE_LINK354][bookmark: OLE_LINK613][bookmark: OLE_LINK355][bookmark: OLE_LINK166][bookmark: OLE_LINK167][bookmark: OLE_LINK247][bookmark: OLE_LINK248]C57BL/6J wild type (WT) mice of SPF grade were purchased from Guangdong Experimental Animal Center (Guangdong, China, No.44007200082696). MAVS knockout (Mavstm1Zjc/J, Stock No: 008634) mice were provided by the Jackson Laboratory (USA) and all the knockout mice were returned to C57BL/6 mice over ten generations(Sun et al., 2006). We used Standard PCR to identify the genotype of the mice (Supplementary Figure 3S). Mice were housed in a 12h light/dark cycle, at a relative temperature of (23℃±1℃) and relative humidity (50%±5%) for 14 days, with free access to food and water. 
[bookmark: OLE_LINK519][bookmark: OLE_LINK530][bookmark: OLE_LINK295][bookmark: OLE_LINK305]The influenza A virus (A/Fort Monmouth/1/1947-mouse adapted (H1N1), FM1) mice used in this experiment were provided by the Department of Pathogenic Microbiology and Immunology, Jinan University. Influenza virus was grown in allantoic cavities from 10- to 11-day-old fertile chicken eggs for two days at 35°C.
2.3 Animal Grouping
[bookmark: OLE_LINK500][bookmark: OLE_LINK501][bookmark: OLE_LINK156][bookmark: OLE_LINK154][bookmark: OLE_LINK303][bookmark: OLE_LINK155][bookmark: OLE_LINK345][bookmark: OLE_LINK353][bookmark: OLE_LINK306][bookmark: OLE_LINK101][bookmark: OLE_LINK100][bookmark: OLE_LINK104][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK842][bookmark: OLE_LINK841][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK169][bookmark: OLE_LINK172][bookmark: OLE_LINK7][bookmark: OLE_LINK4]Mice were randomly divided into five groups (n=15). ① Normal control group (saline via intranasal route, saline-administrated, NC); ② Virus control group as negative control (FM1 infection, saline-administrated, VC); ③ FOs200 group (FM1 infection, 200 mg/kg/day FOs-administrated, FOs 200); ④ FOs400 group (FM1 infection, 400 mg/kg/day FOs-administrated, FOs 400); and ⑤ Virus infection and oseltamivir treatment group as positive control (FM1 infection, 7.8 mg/kg/day oseltamivir-administrated, VO). 
[bookmark: OLE_LINK487][bookmark: OLE_LINK476][bookmark: OLE_LINK847][bookmark: OLE_LINK850][bookmark: OLE_LINK171][bookmark: OLE_LINK170][bookmark: OLE_LINK251][bookmark: OLE_LINK252][bookmark: OLE_LINK2014][bookmark: OLE_LINK2021][bookmark: OLE_LINK307][bookmark: OLE_LINK2019][bookmark: OLE_LINK2022][bookmark: OLE_LINK2020][bookmark: OLE_LINK3][bookmark: OLE_LINK5][bookmark: OLE_LINK41]FOs, oseltamivir, or saline were administered orally in an equal volume once every day throughout the whole experiment (Park et al., 2014; Ren et al., 2012). On day 15, mice in the VC, FOs200, FOs400, and VO groups were anesthetized with diethyl ether, and dosed with 20% LD50 FM1 suspension via the intranasal route to induce acute respiratory infection. We then sacrificed half of the mice and harvested their lungs on day 21 (six days after infection) since the VC group showed the most severe flu like symptom and occurrence of mortality on day 21. The other half of the mice were monitored for weight loss and survival throughout a 14 days observation period after infection with FM1.
2.4 Lung index and histology
[bookmark: OLE_LINK1941][bookmark: OLE_LINK1942][bookmark: OLE_LINK309][bookmark: OLE_LINK308]Lung samples were weighed and calculated according to the following formula: lung index = (mouse lung weight/mouse weight) × 100%. 
[bookmark: OLE_LINK205][bookmark: OLE_LINK208][bookmark: OLE_LINK198][bookmark: OLE_LINK199]Lung samples were obtained, and 0.5 cm of lung tissue was removed for analysis, fixed with 4% paraformaldehyde, and then modified and trimmed using a blade. The tissues were sectioned, and the organization of the central tissue was observed. The size of the microscopic field employed in the analysis was ×200. The histopathology scoring were measured by Image-Pro Plus software 6.0, with 2 parameters including the number of total inflammatory cells and the degree of pulmonary interstitial edema(Kernbauer et al., 2014). All the slide analyses were conducted in a blinded manner by an independent pathologist and Lung injury scoring was assessed by two double‐blinded pathologists. The histopathological lesion score of each mouse is presented as the average of the scores provided by the two pathologists. The scoring criteria were changed as previously described(Belser et al., 2010; Deng et al., 2020) so that 0 indicates no lesions, 1–2 indicates mild inflammation with no necrosis, 3–6 indicates moderate inflammation with a high incidence of necrotic cells, and 7–9 indicates severe inflammation with frequent necrosis and edema.
2.5 Docking Simulation and Interaction Analysis
[bookmark: OLE_LINK230][bookmark: OLE_LINK212][bookmark: OLE_LINK865][bookmark: OLE_LINK866][bookmark: OLE_LINK233][bookmark: OLE_LINK234]The structure of FOs was drawn using ChemDraw 18.0. FOs were docked onto the predefined binding pocket of the H1N1 NA crystal structure (PDB ID: 3TI6), and signaling complex of Retinoic acid-inducible gene I (RIG-I) 2 CARD domain and MAVS CARD domain (PDB ID:4P4H) retrieved from the Protein Data Bank (www.rcsb.org) using Autodock vina 1.1.2 (Trott & Olson, 2010). The conformation with the highest score (the lowest affinity value) was selected as the docking conformation, followed by visual analysis using the Pymol 2.4 software. 
[bookmark: OLE_LINK516][bookmark: OLE_LINK1951][bookmark: OLE_LINK1952]2.6 Real-time reverse transcription-polymerase chain reaction
[bookmark: OLE_LINK1960][bookmark: OLE_LINK314][bookmark: OLE_LINK1959]Total RNA was extracted using RNAiso Plus kit (catalog no. 9108; TaKaRa, Kusatsu, Japan) according to the manufacturer’s instructions. The RNA was then reverse transcribed to cDNA using PrimeScript RT reagent kits (RR047A; TaKaRa), followed by RT-qPCR using a CFX Connect Real-Time PCR Detection system (Bio-Rad, Berkeley, CA, USA) with SYBR Premix EX Taq II kit (RR820A; TaKaRa) according to the manufacturer’s instructions. The qPCR amplification program was as follows: 40 cycles of 95 °C for 30 s and 60 °C for 45 s, following 95 °C for 5 min in initial denaturation. Relative gene expression to the normal group was calculated in accordance with the 2−ΔΔCt method after being normalized to GAPDH. The primers used were synthesized by Generay Biotech (Shanghai, China), and are listed in Supplementary Table S1. 
[bookmark: OLE_LINK859][bookmark: OLE_LINK858]2.7 Western Blot Analysis
Proteins were extracted from the lung tissues using RIPA Lysis Buffer (Beyotime Biotechnology, Shanghai, China) and quantified using BCA protein assay kits purchased from Wuhan Goodbio technology CO., LTD (Wuhan, China). An equal amount of protein (20 mg/lane) was resolved using an electrophoresis system (BIO-RAD) on 10% and 15% polyacrylamide gels, and then transferred to PVDF membranes (Millipore, Darmstadt, Germany). Membranes were respectively incubated with primary antibodies against β-Actin, RIG-I (Santa Cruz Biotechnology, CA, USA), IRF3, and NF-κB (Cell Signaling Technology, Massachusetts, USA) at 4°C overnight. Next, membranes were washed and incubated with the secondary antibody for 30 min at 37°C. Finally, protein bands were detected using an electrochemiluminescence kit according to the manufacturer’s instructions and analyzed using GE Image Quant LAS 4000 mini-imaging analysis software (BIO-RAD).
[bookmark: OLE_LINK2][bookmark: OLE_LINK1][bookmark: OLE_LINK1310][bookmark: OLE_LINK1309][bookmark: OLE_LINK1915]2.8 MagPix assays 
[bookmark: OLE_LINK363][bookmark: OLE_LINK366][bookmark: OLE_LINK315][bookmark: OLE_LINK1918][bookmark: OLE_LINK1919][bookmark: OLE_LINK2032][bookmark: OLE_LINK2031][bookmark: OLE_LINK235][bookmark: OLE_LINK236]Lung samples were weighed and homogenized in phosphate-buffered saline to a final concentration of 100 mg of tissue/mL, followed by mixing for 10 min using a vortex mixer. Each sample was then centrifuged at 370 g for 5 min, and the supernatant collected. Next, the supernatant was divided into two aliquots of 100 mL and stored at -80°C until use. Notably, the procedures were conducted at 4°C to minimize protease activity. We measured the levels of interleukin IFN-α, IFN-β, IL-6, IL-10, and IL-23 in the lung tissues using a Luminex/MAGPIX system and commercially available kits for the various analytes (Millipore, Billerica, MA, USA) in accordance with the manufacturers' instructions. It is worth noting that the samples were diluted using the kits' diluents and the dilution was considered when calculating the concentration of each substance with reference to a standard curve prepared using each kit's standard proteins.
2.9 Hemagglutination Inhibition Assay
A/FM1/1/47 was diluted with PBS to achieve 4 HAU/25 ml in a round-bottomed 96-well plate and mixed with serially diluted EMF for 1 h at 4°C. Next, chicken red blood cells (cRBCs) (Innovative Research Inc, Southfield, MI, USA) were added to each well at a concentration of 0.5% in PBS. Finally, the plate was imaged after incubation for 1 h at room temperature. 
2.10 Neuraminidase (NA) inhibition assay
[bookmark: OLE_LINK517][bookmark: OLE_LINK515]The NA inhibitory activity was evaluated as described by previous studies (Ling et al., 2020; Zhi et al., 2019). Homogenized lung samples (50µl) from each group (n=8) were added into a 96-well plate with 50µl of MU-NANA (2´-(4-methylumbelliferyl)-α-D-N-acetylneuraminic sodium salt hydrate) (Huijia Biotechnology, China). After incubation at 37°C for 30 min, we measured the fluorescence with the excitation set at 360 nm and emission at 460 nm.
2.11 DNA extraction and intestinal microbiota analysis
Mouse cecum contents were collected in autoclaved ep-tubes, rapidly frozen in liquid nitrogen, and stored at -80°C. Fecal genomic DNA was extracted using the OMRGA Mag-Bind Soil DNA Kit. The V3-V4 region of the bacterial 16s rRNA gene was amplified by PCR using the upstream primer 338F: ACTCCTACGGGAGGCAGCAG and the downstream primer 806R: GGACTACHVGGGTWTCTAAT. The AxyPrep DNA Gel Extraction Kit was used to purify PCR products, and a QuantusTM Fluorometer was used to detect and quantify them. A DNA sequencing library was constructed using the NEXTFLEX Rapid DNA-Seq Kit and sequenced with Illumina.
The raw sequenced sequences were quality-controlled using fastp (https://github.com/OpenGene/fastp, version 0.20.0) software, filtered for data that could not be spliced, and then sequenced using FLASH (http://www.cbcb.umd.edu/software /flash, version 1.2.7) software for splicing. The sequences were clustered into OTUs based on 97% similarity using UPARSE (http://drive5.com/uparse/, version 7.1). Alpha diversity analysis was performed with Mothur (v1.30.2). Principal component analysis (PCA), principal coordinates analysis (PCoA) plots and Wayne plots were implemented in R. The magnitude of the effect of each component (species) abundance on the differential effect was estimated by linear discriminant analysis (LDA) by LEfSe.
2.12 Metabolomics detection with LC-MS
The metabolite extraction of mouse feces was performed by adding 400 l of extraction solution (methanol:water = 4:1 (v:v)) containing 0.02 mg/mL of an internal standard (L-2-chlorophenylalanine). LC-MS analysis was performed with an AB SCIEX UHPLC-Triple TOF system for ultra performance liquid chromatography tandem time of flight mass spectrometry. The chromatographic conditions were as follows: column ACQUITY UPLC HSS T3 (100 mm × 2.1 mm i.d., 1.8 µm; Waters, Milford, USA); mobile phase A was 95% water + 5% acetonitrile (containing 0.1% formic acid), mobile phase B was 47.5% acetonitrile + 47.5% isopropanol + 5% water (containing 0.1% formic acid); The flow rate was 0.40 mL/min, the injection volume was 10 μL, and the column temperature was 40 ℃. The data were extracted, aligned, and identified by Progenesis QI (Waters Corporation, Milford, USA) to generate a data matrix containing retention time, peak area, mass-to-charge ratio, and identification information for post-processing and raw signal analysis.
2.11 Statistical Analysis. 
[bookmark: OLE_LINK318][bookmark: OLE_LINK319][bookmark: OLE_LINK2042][bookmark: OLE_LINK2043][bookmark: OLE_LINK848][bookmark: OLE_LINK849]All experiments were replicated at least three times. Statistical analyses were conducted using SPSS Statistics 20 (IBM Sofware, New York, USA) and graphs were drawn using GraphPad Prism i7 (GraphPad Sofware, San Diego, California, USA). All data are presented as Mean ± SD. One-way analysis of variance (ANOVA) was used to compare differences among groups, followed by Student-Newman-Keuls tests. A P-value of <0.05 was considered to be statistically significant.
[bookmark: OLE_LINK13][bookmark: OLE_LINK76][bookmark: OLE_LINK12][bookmark: OLE_LINK71]3. Results
3.1 Characterization of FOs
[bookmark: OLE_LINK174][bookmark: OLE_LINK168]Characterization of FOs was conducted as described in our previous study(Yao et al., 2014) (Supplementary Figure 1S). Results showed that the average polymerization degree (the ratio of total sugars/reducing sugars) of extracted FOs was 3.0, while the concentrations of bound ferulic acid and reducing sugars in the FOs were 48.8 and 315.2 mg/kg (based on dry pretreated maize bran), respectively. The percentages of xylose, arabinose, galactose, and glucose in the FOs were 46.43, 40.46, 3.76, and 8.68% of the total sugars, respectively. Moreover, the major form of FOs was feruloylated arabinose and (5-O-ferulic acid-α-L-arabinose)-1,3-xylose with a ratio of 9:1 (Yao et al., 2014). 
[bookmark: OLE_LINK297][bookmark: OLE_LINK296][bookmark: OLE_LINK185][bookmark: OLE_LINK184][bookmark: OLE_LINK57][bookmark: OLE_LINK301][bookmark: OLE_LINK298][bookmark: OLE_LINK56]3.2 FOs protected mice from influenza infection
[bookmark: OLE_LINK878][bookmark: OLE_LINK877][bookmark: OLE_LINK524][bookmark: OLE_LINK525][bookmark: OLE_LINK336][bookmark: OLE_LINK335][bookmark: OLE_LINK27][bookmark: OLE_LINK26][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK6][bookmark: OLE_LINK9]Our results showed that FM1 infection caused significant and rapid bodyweight loss, with the VC group exhibiting the most bodyweight decline six days after infection. On the other hand, mice in the NC group were the only ones that gained bodyweight after day 15. After day 21 (six days post infection), all the four groups infected with FM1 virus started regaining bodyweight, but the VC group was still suffering the most infection (Figure 1A). With regard to the bodyweight changes curve, the FOs400 group showed a minimum difference with the VO group (the positive control), while the FOs200 group shared similar tendency with the VC group (the negative control).
[bookmark: OLE_LINK53][bookmark: OLE_LINK52][bookmark: OLE_LINK337][bookmark: OLE_LINK338][bookmark: OLE_LINK364][bookmark: OLE_LINK365][bookmark: OLE_LINK876][bookmark: OLE_LINK875]With regard to the survival rate, no mortality was recorded in the NC group (the group without any intervention), while the VC group yielded the earliest casualty on day 19, four days after infection. In addition, FOs400, FOs200, or VO groups showed improved survival rate, and 400mg/kg FOs and oseltamivir exhibited the strongest protection. The survival rates in each group at the end of the experiment were: 100% in the NC group, 27.8% in the VC group, 40% in the FOs200 group, 51.9% in the FOs400 group, and 57.9% in the VO group (Figure 1B). 
[bookmark: OLE_LINK381][bookmark: OLE_LINK380][bookmark: OLE_LINK1984][bookmark: OLE_LINK1983][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Two days after FM1 infection, mice in the VC group showed typical symptoms of acute respiratory infection, including hair discoloration, towering hair, curling, arching, paralysis, loss of appetite, reduced drinking, convulsions, fainting, and shortness of breath. The health status of mice in FOs400 and VO groups was improved compared to the VC group, with no observation of hair towering or significant convulsion. Herein, the lung index was used to indicate the severity of lung inflammation, where a higher lung index indicated more lung inflammation. Figure 1C shows that mice in the VC group exhibited a significantly higher lung index than mice in both normal and treatment groups. Moreover, a lower lung index was observed in the VO group than in the FOs-administrated groups. However, the 400 mg/kg FOs treatment group showed a lower lung index than the 200 mg/kg FOs treatment group.
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Figure 1. Effects of FOs on body weight loss, survival rate, lung index of mice infected with FM1. (A) Weight loss of all mice was monitored every day for 14 days post FM1 infection in the survival experiment. (B) Survival rate of all mice was monitored for 14 days post FM1 infection in the survival experiment. Mice were euthanized when body weight loss exceeded 25% of the original weight. (C) Lung index from each group of mice scarified on day 21 (six days post infection). Lung index=lung weight/body weight×100%. *Compared with VC, *P < 0.05, **P < 0.01.
[bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK103][bookmark: OLE_LINK105][bookmark: OLE_LINK122][bookmark: OLE_LINK121][bookmark: OLE_LINK123]3.3 FOs prevented FM1-induced lung injury
[bookmark: OLE_LINK242][bookmark: OLE_LINK237][bookmark: OLE_LINK290][bookmark: OLE_LINK287][bookmark: OLE_LINK278][bookmark: OLE_LINK344][bookmark: OLE_LINK280][bookmark: OLE_LINK277][bookmark: OLE_LINK281][bookmark: OLE_LINK343][bookmark: OLE_LINK495][bookmark: OLE_LINK494][bookmark: OLE_LINK491][bookmark: OLE_LINK488][bookmark: OLE_LINK291][bookmark: OLE_LINK292][bookmark: OLE_LINK271][bookmark: OLE_LINK272][bookmark: OLE_LINK294][bookmark: OLE_LINK293]The lung epithelium showed no external lesions or inflammatory cell infiltration in the NC group, indicating that two weeks of consecutive gavage with saline had no influence on the lungs (Figure 2A). FM1 infection induced variable damages across the mouse lung, from the alveoli, alveolar sacs, alveolar ducts, and alveolar septa to the bronchi. Specifically, a great amount of lymphocyte infiltration was observed in the lung interstitium of mice in VC and FOs200 groups (Figure 2B, 2C). In contrast, VO and FOs400 groups had minimum histological damage (Figure 2D, 2E), where the alveolar interval became thinner, the alveolar wall shrank back to normal, and the infiltration of monocytes in the bronchiolar wall was reduced. In addition, pathology grading showed that the VC group had significantly higher scores than the other FOs400, FOs 200 and VO (groups (Figure 2I-H). The FOs400 group and VO group had basically equal scores, implying that 400mg/kg FOs showed equivalent protection with oseltamivir. 
[bookmark: OLE_LINK283][bookmark: OLE_LINK286]Even without Hematoxylin and Eosin (H&E) staining, the differences in lung tissues between the VC group and the other three groups were remarkable (Figure 2F). The lungs harvested from the VC group had significant swelling and was pale. Moreover, the lungs harvested from the VC group and the FOs200 group showed larger pulmonary area and more inflammatory cells, indicating that FM1 infection induced pulmonary interstitial edema and cell-based inflammation. However, treatment with oseltamivir and 400mg/kg FOs reduced the inflammation indexes. Collectively, these results suggest that both oseltamivir and FOs protected the lungs probably by suppressing excessive inflammatory response.
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[bookmark: OLE_LINK228][bookmark: OLE_LINK229][bookmark: OLE_LINK240]Figure 2. Lung histopathological changes. Representative hemotoxylin and eosin-stained samples of lung from (A) NC, (B) VC, (C) FOs200, (D) FOs400, and (E) VO; bar = 500 μm.(F) Representative picture of lung in all groups. (G) Changes in degree of edema in pulmonary interstitial. (H) Changes in inflammatory cell counts. (I) Pathological grade of mice 6 days after infection. *Compared with VC, *** P < 0.001, ****P < 0.0001.
[bookmark: OLE_LINK206][bookmark: OLE_LINK207]3.4 FOs reduced cytokines level in the lungs during FM1 infection
[bookmark: OLE_LINK311][bookmark: OLE_LINK310][bookmark: OLE_LINK386][bookmark: OLE_LINK387][bookmark: OLE_LINK133][bookmark: OLE_LINK134][bookmark: OLE_LINK128][bookmark: OLE_LINK119][bookmark: OLE_LINK127][bookmark: OLE_LINK129][bookmark: OLE_LINK132][bookmark: OLE_LINK523][bookmark: OLE_LINK526][bookmark: OLE_LINK527][bookmark: OLE_LINK529][bookmark: OLE_LINK107][bookmark: OLE_LINK108][bookmark: OLE_LINK312][bookmark: OLE_LINK313][bookmark: OLE_LINK356][bookmark: OLE_LINK358]Furthermore, we determined the expression levels of IFN-α and IFN-β because interferons (IFN) are the primary defenders against virus infection in mammals (Figure 3A, 3B). Results showed that the VC group had the highest level of IFN-α and IFN-β among the five groups, which is consistent with pathology results. Administration of 200 mg/kg FOs moderately reduced the level of IFN-β, while 400mg/kg FOs and oseltamivir strongly suppressed both IFN-α and IFN-β levels. IL-10, a key anti-inflammatory cytokine, plays a critical role in lung inflammation. Our results indicated that administration of 200 mg/kg FOs, 400mg/kg FOs, and oseltamivir all significantly decreased the level of IL-10 (Figure 3C). Notably, IL-1β, IL-23, and IL-6 are the major proinflammatory cytokines responding to influenza infection in both humans and mice. Results showed that oseltamivir inhibited the release of IL-1β, but FOs had no impact on IL-1β regardless of the dose used (Figure 3D). However, the three treatments (200 mg/kg FOs, 400mg/kg FOs, and oseltamivir) remarkably reduced both IL-23 and IL-6 levels (Figure 3E, 3F). These outcomes indicated that the response of cytokines to FOs was heterogenous, but FOs had an overall potent anti-inflammatory effect in mouse lungs during influenza infection.
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[bookmark: OLE_LINK323]Figure 3. FOs modulated inflammatory cytokines in lung. FOs and oseltamivir were given 2 weeks in advance. On the 15th-day, mice were infected with FM1 virus. FOs (200 and 400 mg/kg) or oseltamivir for 5 consecutive days. Mice were sacrificed on day21, and lungs were collected. Protein levels of (A) IFN-α, (B) IFN-β, (C) IL-10, (D) IL-1β, (E) IL-23 and (F) IL-6 in lungs were detected. *Compared with VC, **P < 0.01, ***P < 0.001, ****P < 0.0001.

[bookmark: OLE_LINK55][bookmark: OLE_LINK126][bookmark: OLE_LINK54][bookmark: OLE_LINK1856][bookmark: OLE_LINK1857][bookmark: OLE_LINK1321][bookmark: OLE_LINK1322][bookmark: OLE_LINK189][bookmark: OLE_LINK188]3.5 FOs inhibited the RIG-I/MAVS/TRAF3 pathway during FM1 infection
[bookmark: OLE_LINK563][bookmark: OLE_LINK562]As previously stated, the RIG-I/MAVS/TRAF3 pathway is the central signaling pathway that connects viral RNA recognition and inflammatory response. In this study, we assessed whether administration of FOs affected activation of the RIG-I/MAVS/TRAF3 pathway in lungs during FM1 infection. RT-PCR results showed that administration of 400mg/kg FOs and oseltamivir reduced the gene expression of RIG-I, MAVS, TRAF3, TBK1, IRF3, and NF-κB (Figure 4A-F). However, 200 mg/kg FOs did not change the gene expression of RIG-I and IRF3. This indicated that a high dose of FOs potentially achieved anti-inflammatory function in the lungs via inhibiting the RIG-I/MAVS/TRAF3 pathway, similar to oseltamivir. To further validate our theory, we conducted Western blot analysis. Results showed that both FOs doses and oseltamivir reduced the protein level of RIG-I, IRF3, and NF-κB (Figure 4G, 4H), which was consistent with gene expression analysis results. Collectively, these results demonstrate that FOs suppressed the RIG-I/MAVS/TRAF3 pathway by decreasing both the initial receptor and downstream transcription factors.
[image: ][image: ]
[bookmark: OLE_LINK544][bookmark: OLE_LINK545][bookmark: OLE_LINK542][bookmark: OLE_LINK543]Figure 4. Detection of expression of RIG-I/MAVS/IRF3 pathway. RIG‐I promotes prion‐like aggregation and activation of MAVS. MAVS subsequently induces interferon production by activating two signaling pathways mediated by TBK1‐IRF3 and NF‐κB respectively, the recruitment of TRAF3 to MAVS leading to TBK1‐IRF3 activation. Relative mRNA relative expression of (A)RIG-I, (B)MAVS, (C) TRAF3, (D) TBK1, (E) IRF3 and (F)NF-κB mRNA. Immunoblot representative images (G) and densitometric analyses (H) RIG-I, IRF3 and NF-κB protein. *Compared with VC, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
[bookmark: OLE_LINK221][bookmark: OLE_LINK224]3.6 Knockout of MAVS abolished the anti-inflammatory function of FOs
[bookmark: OLE_LINK580][bookmark: OLE_LINK579]The survival rate and bodyweight results showed that there was no difference between the VC group and the FOs groups after knocking out MAVS (Figure 5A, 5B). Histology results revealed severe pulmonary edema in both the VC group and the FOs groups (Figure 5D-F). Moreover, we conducted MagPix assays upon the six cytokines tested in WT mice (IFN-α, IFN-β, IL-10, IL-1β, IL-23, and IL-6) (Figure 5C). Results showed that none of them reflected the differences in cytokines between the VC group and the FOs group, suggesting that absence of MAVS completely diminished the anti-inflammatory effect of FOs. 
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[bookmark: OLE_LINK382][bookmark: OLE_LINK383]Figure 5. Effects of FOs on body weight loss, survival rate, lung histopathological changes, and cytokines expression of mice infected with influenza virus in MAVS knockout mice. (A) Weight loss of all MAVS knockout mice was monitored every day for 14 days post FM1 infection in the survival experiment. (B) Survival rate of all MAVS knockout mice was monitored for 14 days post FM1 infection in the survival experiment. Mice were euthanized when body weight loss exceeded 25% of the original weight. (C) Cytokines expression in the lung from different groups. (D-E) Representative hemotoxylin and eosin-stained samples of lung in (D) MAVS-/- NC group, (E) MAVS-/- VC group, (F) MAVS-/- FOs400 group.
[bookmark: OLE_LINK31][bookmark: OLE_LINK30]Since FOs lost their inhibitory effect on cytokines in MAVS knockout mice, we hypothesized that FOs also lost their impact on the RIG-I/MAVS/TRAF3 pathway. Therefore, we determined the gene expression of RIG-I, TRAF3, TBK1, IRF3, and NF-κB (Figure 6A-E). As expected, there was no difference in any of the five genes between the VC group and the FOs groups. Similarly, there was no significant difference in the protein level of RIG-I, IRF3, and NF-κB between the VC group and the FOs groups (Figure 6F, 6G). Overall, these results suggested that MAVS is the essential mediator of FOs’ protective effect against influenza.
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Figure 6. Detection of expression of RIG-I/MAVS/IRF3 Pathway in MAVS knockout mice. RIG‐I promotes prion‐like aggregation and activation of MAVS. MAVS subsequently induces interferon production by activating two signaling pathways mediated by TBK1‐IRF3 and NF‐κB respectively, the recruitment of TRAF3 to MAVS leading to TBK1‐IRF3 activation. Relative mRNA relative expression of (A)RIG-I, (B) TRAF3, (C) TBK1, (D) IRF3 and (E)NF-κB mRNA. Immunoblot representative images (F) and densitometric analyses (G) RIG-I, IRF3 and NF-κB protein. *Compared with VC, *P < 0.05.
3.7 Protein–Ligand Docking Simulation of FOs and FA with RIG-I/MAVS
[bookmark: OLE_LINK263][bookmark: OLE_LINK262][bookmark: OLE_LINK116][bookmark: OLE_LINK115][bookmark: OLE_LINK279][bookmark: OLE_LINK276][bookmark: OLE_LINK266][bookmark: OLE_LINK267][bookmark: OLE_LINK274][bookmark: OLE_LINK275]We then used a protein–ligand docking simulation (Supplementary Figure 2S) to investigate the molecular interactions between the signaling complex of RIG-I 2CARD domain and MAVS CARD domain (PDB ID: 4P4H), and FOs or FA since RIG-I and MAVs may be the targets of FOs. Results showed that the ligand-receptor interaction residues of FOs with RIG-I/MAVS mainly include: GLN-65, GLU-66, and ARG-34. On the other hand, the ligand-receptor interaction residues of FA with RIG-I/MAVS mainly include: GLN-13, ARG-6, and LYS-59. In addition, the binding energy between FOs with signaling complex of RIG-I 2CARD domain and MAVS CARD domain was -8.6kcal/mol, and FA with signaling complex of RIG-I 2CARD domain and MAVS CARD domain was -6.3kcal/mol, indicating that FOs had a higher binding activity with RIG-I/MAVS.
[bookmark: OLE_LINK36][bookmark: OLE_LINK37]3.8 FOs potentially arrested FM1 infection and replication in the lungs
[bookmark: OLE_LINK521][bookmark: OLE_LINK528][bookmark: OLE_LINK289][bookmark: OLE_LINK288][bookmark: OLE_LINK582][bookmark: OLE_LINK583]In addition to the anti-inflammatory aspect of FOs, we explored whether FOs induced changes on the virus infection. Matrix-2 (M2) protein, a proton-selective viral protein, and nucleocapsid protein (NP) are structural proteins that maintain the integrity of viral genome and are the two typical biomarkers used to measure the virus load in a host. Therefore, we performed RT-PCR to determine if FOs treatment changed the levels of M2 and NP in mouse infected by FM1. Interestingly, we found that treatment with 400 mg/kg FOs and oseltamivir showed comparable inhibition of the M2 and NP in mice (Figure 7A, 7B). This indicated that FOs had potential to reduce the virus load in mouse lungs in addition to the strong anti-inflammatory activity. Therefore, the mild antiviral potency of FOs suggests that it is a promising prophylactic against influenza despite its antiviral activity not being as potent as that of oseltamivir. 
[bookmark: OLE_LINK584][bookmark: OLE_LINK585][bookmark: OLE_LINK398][bookmark: OLE_LINK399][bookmark: OLE_LINK513][bookmark: OLE_LINK512]Furthermore, we conducted a hemagglutination inhibition assay and neuraminidase inhibition assay in order to understand the steps of virus infection that FOs might act on. Hemagglutinin is a glycoprotein located on the influenza virus surface, which facilitates invasion of the virus into red blood cells. Our hemagglutination inhibition assay results revealed that FOs inhibited the interaction between FM1 and red blood cells in vitro at 500 mg/ml (Figure 7D). Neuraminidase is a class of viral enzymes, which enables the influenza virus to leave host cells. The neuraminidase inhibition assay results showed that FOs moderately blocked the function of neuraminidase in a dose-dependent manner (Figure 7C). Although the inhibitory activity of FOs was not as strong as that of oseltamivir in both assays, our findings provided new insights into the anti-influenza function of FOs.
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[bookmark: OLE_LINK722][bookmark: OLE_LINK721][bookmark: OLE_LINK80]Figure 7. FOs treatment decreased viral loads in mice infected with FM1, FOs has HA and NA inhibition activity. (A)Relative expression of virus NP gene was evaluated. (B)Relative expression of virus NP gene was evaluated. (C) Inhibition on viral NA activity. (D) The inhibition effects of FOs on FM1 virus induced aggregation of chicken erythrocytes were evaluated by hemagglutination inhibition (HI) assay. *Compared with VC, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
3.9 FOs may improve intestinal flora dysbiosis, which may be associated with improved immune status.
[bookmark: OLE_LINK39][bookmark: OLE_LINK35][bookmark: OLE_LINK46][bookmark: OLE_LINK44][bookmark: OLE_LINK45]Previous studies revealed that microbial dysbiosis was observed after influenza virus infected(Gu et al., 2020; Sencio et al., 2020; Zhang et al., 2020). Dietary nutrients have a great impact on the regulation of commensal microbial metabolites, which are considered pivotal mediators of host-microbiota interactions. FOs can release ferulic acid (FA) and oligosaccharides in the colon after fermentation by gut microorganisms. Oligosaccharides have been found to play a significant role in the modulation of microbiota. We hypothesized that FOs may improve intestinal flora dysbiosis, which may be associated with improved immune status. To test this hypothesis, we utilized 16s ribosomal RNA gene sequencing to determine whether FOs treatment could alter gut microbiota composition. The principal coordinate analysis revealed distinct clustering of microbiota composition for each group (Figure 8A). The top 10 Genus and Species in terms of relative abundance are listed in Figure 8B. To identify the different bacteria between groups, we performed LEfSe analysis and selected genera based on the LDA score > 4 ((Figure 8C, Supplement Figure 4). Notably, we observed an overrepresentation of distinct bacterial genus Ruminococcus in FOs-treated group (Figure 8D). We further confirmed this finding using Kruskal-Test analysis (Figure 8E). All analyses showed a significant reduction of Ruminococcus after FOs treatment.
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Figure 8. 16s rDNA sequencing revealed altered microbiota composition after FOs treatment. (A) principal coordinate analysis for each group (n = 5). (B) The top 10 Genus and Species in terms of relative abundance. (C) LEfSe analysis for each group. (D) LDA plot of Ruminococcus in each group. (E) Differential species screening (Kruskal-Test) analysis for Ruminococcus in each group.
[bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK238][bookmark: OLE_LINK48][bookmark: OLE_LINK368][bookmark: OLE_LINK222][bookmark: OLE_LINK49][bookmark: OLE_LINK28][bookmark: OLE_LINK239][bookmark: OLE_LINK410][bookmark: OLE_LINK223][bookmark: OLE_LINK369][bookmark: OLE_LINK29][bookmark: OLE_LINK409]4. Discussion 
In light of the current COVID-19 pandemic and unresolved seasonal influenza, effective, safe, and low-cost anti-inflammatory agents are urgently needed. Natural products, as an enriched resource for drug discovery, show promising potential in alleviating inflammation and have a desirable safety profile. It is worth noting that FA is mainly stably esterified with oligosaccharides, such as feruloylated oligosaccharides (FOs), in plant cell walls (Ou et al., 2016; Song et al., 2020). One study reported that FOs slowly release FA thereby producing a prolonged exposure of free FA after being taken orally (Ou & Sun, 2014). This has led to extensive research on the anti-inflammatory activity of FOs obtained from maize bran or wheat bran, especially after its approval by the FDA in 2010 (FDA, 2015). Studies have reported that the cytokine storm is one of the leading causes of morbidity and mortality in patients with flu or COVID-19 (London et al., 2010; Teijaro et al., 2011). This suggests that inhibition of proinflammatory cytokines may be the key to flu or COVID-19 treatment. A recent study showed that natural products have good pharmacological effects against cytokine storms (Huang et al., 2020). In our previous study (Xia et al., 2019), we found that FOs alleviated inflammation in a process associated with regulation of the NF-κB and MAPK signaling pathway. However, no study has clariﬁed the regulation of FOs on influenza A virus infection. 
[bookmark: OLE_LINK97][bookmark: OLE_LINK99]After influenza infection, intestinal microbiota may affect dendritic cell maturation in the lungs (Cho & Kelsall, 2014; Ichinohe et al., 2011). Disruption of lung and gut microbiota preceded lung injury, and variation in microbial communities correlated with variation in lung inflammation. Influenza A virus infection impacts systemic microbiota dynamics and causes quantitative enteric dysbiosis which have a farther influence on lung inflammation (Yildiz et al., 2018). In this study, we found that intestinal flora was imbalanced in mice after influenza infection, and that oral administration of FOs restored intestinal flora. We also discovered that oral administration of FOs effectively reduced the lung inflammation caused by influenza. Our results indicated that administration of FOs decreased a wide range of cytokines in mouse lungs, suppressed transduction of the RIG-I/MAVS/TRAF3 signaling pathway, and lowered the expression of NF-κB. Importantly, we found that the anti-inflammatory function of FOs against influenza was heavily dependent on MAVS, and FOs moderately inhibited influenza virus infection in mice model. In addition, the oligosaccharides released by the fermentation of intestinal microorganisms by FOs may also be potentially beneficial prebiotics for post-influenza immune status
Infectious lung diseases may cause pathological changes through the following two aspects. One is that immune disorders destroy the intestinal microecological disorders, leading to inflammation. As the intestinal cavity is exposed to many exogenous antigens, the immune system must be strictly controlled to maintain a symbiotic relationship with symbiotic bacteria. The host can distinguish beneficial microorganisms from harmful pathogens and establish a healthy microbial community. The mucosal immune system is responsible for removing pathogens. An inappropriate immune response in this process will destroy the intestines' homeostasis, cause microecological disorders, and lead to metabolic dysfunction and local or systemic inflammation. After mice are infected with the influenza virus, the intestinal flora becomes unbalanced and adaptive immune suppression, further aggravating lung inflammation. The intestinal microecological imbalance can cause the conditional pathogenic bacteria in the intestine to move up to the oropharynx or lower respiratory tract, causing lower respiratory tract infection. Our study showed that influenza virus infection caused an increase in Ruminococcus enrichment, while after FOs treatment, the adundance of Ruminococcus was significantly reduced. Metagenomics and culturomics have identified strains of Ruminococcus gnavus and adherent invasive Escherichia coli that are linked to gut inflammation(Schirmer et al., 2019). Rumenococcus plays an important role in the digestion of resistant starch, but is also associated with immune disorders (allergy, eczema, asthma)(Arnold et al., 2021; Henke et al., 2021). Mice fed with Rumenococcus gnavus developed airway inflammation characterized by expansion of T-helper 2 cells in the colon and lungs and infiltration of the colon and lung parenchyma by eosinophils and mast cells (Chua et al., 2018). Some genera of Rumenococcus has been shown to have a pro-inflammatory effect(Bolte et al., 2021; Hills et al., 2019; Sinha et al., 2020; van Soest et al., 2020). This implies that FOs may be potentially beneficial prebiotics for post-influenza immune status.
A previous clinical trial also revealed that FA supplementation improves the inflammatory status in hyperlipidemic subjects(Bumrungpert et al., 2018). In addition, FA is considered a potential new H1N1 neuraminidase inhibitor (Hariono et al., 2016; Hirabayashi et al., 1995; McCarty & DiNicolantonio, 2020). A recent study showed that the 4-OH-3-OMe group and the amide group of ferulic acid amide derivatives were key pharmacophores for neuraminidase inhibitory activity (Cui et al., 2020). However, despite FOs being the esterification product of FA and oligosaccharides, there are no studies on the inhibitory activity of FOs. Our results confirmed that FOs reduced the expression of influenza virus M2 and NP proteins in the lungs of influenza virus-infected mice. Moreover, hemagglutination inhibition assay and neuraminidase inhibition assay confirmed that FOs inhibit FM1. Collectively, these findings suggest that FOs may be a potential drug for treating influenza through inhibiting neuraminidase and inflammation activity.
[bookmark: OLE_LINK17][bookmark: OLE_LINK20][bookmark: OLE_LINK88][bookmark: OLE_LINK85][bookmark: OLE_LINK75][bookmark: OLE_LINK77]Type I interferons, including IFN-α and IFN-β, are responsible for inducing transcription of a large group of genes which modulate host resistance to viral infections. On the other hand, type I interferons are also key drivers of inflammation in influenza and severe COVID-19 (Lee et al., 2020). Prolonged IFN-α and IFN-β responses can lead to harmful proinflammatory effects. Moreover, IFN-induced protein p53 directly reduces epithelial proliferation and differentiation, thereby increasing disease severity (Major et al., 2020). Excessive IFN production aggravates viral infection by impairing lung epithelial regeneration. However, this study has shown that FOs can alleviate lung damage in mice after influenza virus infection, largely because it can reduce the expression of IFN-α and IFN-β. In addition, a previous study reported that pre- and post-treated FOs significantly suppressed TNF-α, IL-1β, IL-6, and nitric oxide (NO) production in LPS-stimulated RAW264.7 cells (Fang et al., 2012). Similar to FOs, FA has also been reported to have regulatory effects on inflammation(Bumrungpert et al., 2018). FA showed protective effects on inflammation induced by LPS in bovine endometrial epithelial cells via suppressing the NF-κB and MAPK pathway. IL-6 is produced rapidly during acute infection. IL-23 can stimulate dendritic cells and macrophages to produce IL-1β, which can induce release of inflammatory mediators in the early stage of flu. In this study, the expression of IL-1β was low on the 5th day after infection with influenza virus, and administration of FOs did not decrease the expression of IL-1β. The production of IL-lβ in the infected mice can be attributed to cellular infiltration in an early stage of pneumonia since IL-lβ is an immune mediator that is only produced in the lungs in the early stage after infection. Administration of FOs also decreased the expression of IL-10, IL-23, and IL-6, indicating that the lung inflammation caused by the influenza virus was greatly relieved after treatment with FOs for five days. This was consistent with our hypothesis that FOs had potential anti-inflammatory effect in mouse lungs during influenza.
[bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK144][bookmark: OLE_LINK143][bookmark: OLE_LINK25][bookmark: OLE_LINK24][bookmark: OLE_LINK83][bookmark: OLE_LINK84]Retinoic acid-inducible gene I (RIG-I)-like Receptors (RLRs) -mediated type I IFN production plays a pivotal role in elevating host immunity for viral clearance (Zhang et al., 2019). RIG-I is a cytosolic pattern recognition receptor that recognizes viral RNA. Upon binding with viral RNA, RIG-I interacts with mitochondrial antiviral signaling protein (MAVS) located at the outer layer of mitochondria (Yoo et al., 2013). Therefore, the RIG-I/MAVS/TRAF3 pathway plays essential role in inducing IFNs to protect mice or humans from influenza. Other studies have also reported that monomeric components extracted from some herbs, such as apigenin (Xu et al., 2020) and carvacrol(Zheng et al., 2021), inhibit RIG-I. In this study, we found that FOs exerts its anti-inflammatory function by maintaining the integrity of the RIG-I/MAVS/TRAF3 pathway in lungs.
[bookmark: OLE_LINK72][bookmark: OLE_LINK70][image: ]A previous study reported that MAVS is essential for activation of the RIG-I/MAVS/TRAF3 pathway because it links the recognition of viral RNA to the recruitment of transcription factors (Kawai et al., 2005). This unique role of MAVS in the RIG-I/MAVS/TRAF3 signaling led to our speculation that it may also be essential to the anti-inflammatory function of FOs. Therefore, we introduced MAVS knockout mouse in this study in order to confirm this speculation. As expected, we found that the anti-inflammatory function of FOs against influenza was dependent on the RIG-I/MAVS pathway, suggesting that FOs inhibit the expression of IFN-α and IFN-β, and reduces lung injury in mice after influenza infection by inhibiting the RIG-I/MAVS pathway (Figure 8).

[bookmark: OLE_LINK334]Figure 9. FOs prevented influenza-induced lung inflammation via intestinal flora and RIG-I/MAVS/TRAF3 pathway.
In conclusion, we demonstrated that FOs is a highly effective anti-inflammatory agent for treating the lung inflammation caused by influenza. FOs reduces lung inflammation by reducing expression of IFN-α, IFN-β, IL-6, IL-10, and IL-23. Moreover, we found that the anti-inflammatory function of FOs against influenza depends on MAVS and FOs moderately inhibited H1N1 virus infection in mice model. In addition, FOs can restore the imbalance of intestinal flora caused by influenza virus infection, which may be beneficial in regulating the immune status. Therefore, the FOs reported here can be integrated into the regimen of COVID-19 patients experiencing acute respiratory infection to prevent, alleviate, or at least delay the severe lung inflammation.
[bookmark: OLE_LINK162][bookmark: OLE_LINK611][bookmark: OLE_LINK612]
Supplement materials
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Figure 1S. Characterization of FOs. HPLC of the FOs (A), APCI-MS of FOs (B). The arrows showed the two species of FOs.
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[bookmark: OLE_LINK595][bookmark: OLE_LINK596][bookmark: OLE_LINK254][bookmark: OLE_LINK217][bookmark: OLE_LINK219][bookmark: OLE_LINK214][bookmark: OLE_LINK213][bookmark: OLE_LINK215][bookmark: OLE_LINK216][bookmark: OLE_LINK220]Figure 2S. Structural model and binding site of FOs or FA with signaling complex of RIG-I 2CARD domain and MAVS CARD domain (PDB ID:4P4H). AutoDock vina 1.1.2 was used to evaluate the Crystal structure of signaling complex of RIG-I 2CARD domain and MAVS CARD domain with FOs or FA. (A) Docking site between signaling complex of RIG-I 2CARD domain and MAVS CARD domain with FOs. (B) Docking site between signaling complex of RIG-I 2CARD domain and MAVS CARD domain with FA. 
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[bookmark: OLE_LINK617][bookmark: OLE_LINK616][bookmark: OLE_LINK609][bookmark: OLE_LINK610][bookmark: OLE_LINK603][bookmark: OLE_LINK604][bookmark: OLE_LINK597][bookmark: OLE_LINK598][bookmark: OLE_LINK608][bookmark: OLE_LINK601][bookmark: OLE_LINK602][bookmark: OLE_LINK605]Figure 3S. The genotype identification of the MAVS KO mice. Protocol Primers for Standard PCR, PRIMER TYPE(Common), 5'-AGC CAA GAT TCT AGA AGC TGA GAA-3'; PRIMER TYPE (Wild type Reverse), 5'-TAG CTG TGA GGC AGG ACA GGT AAG G- 3'; PRIMER TYPE (Mutant Reverse), 5'-GTG GAA TGT GTG CGA GGC CAG AGG C-3'.
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Figure 4S. LDA plots for each group. Different colors represent the microbial taxa with significant effects in different groups. Significantly different species with absolute values of LDA greater than 2 are shown in the graph, which could be potential biomakers 
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