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Abstract

Gut microbiota, especially bacterial metabolites, play a key role in protecting the lungs against
respiratory infections such as influenza A virus (IAV). However, IAV infection can disrupt the gut
microbiota, potentially increasing disease severity. Notably, reduced levels of the microbial tryptophan
metabolite indole-3-propionic acid (IPA) impair viral control and promote pulmonary inflammation,
thereby exacerbating [AV infection. In the current study, we investigated the potential protective
effects of Clostridium sporogenes, a human anaerobic commensal and IPA producer previously shown
to mitigate metabolic, inflammatory, and neurological disorders, but whose effects during respiratory
infection remain unexplored. Relative to untreated mice, C. sporogenes supplementation was
associated with less severe disease, lower pulmonary viral loads, and reduced lung inflammation. C.
sporogenes administration modulated infection-induced gut dysbiosis and restored systemic IPA
levels, which were positively correlated with reduced clinical scores and pulmonary viral loads. IPA
and its analogues failed to exert direct antiviral effects in cell-based assays, suggesting indirect effects
on immunity or other host-pathogen interactions. The pregnane X receptor, a xenosensor known to be
activated by IPA, was not involved in the protection mediated by C. sporogenes. Lastly, administration
of pasteurized C. sporogenes improved influenza outcomes, an effect that also correlated with IPA
levels. Collectively, these findings suggest that C. sporogenes may represent a promising next-

generation probiotic candidate for the prevention or mitigation of acute viral respiratory infections.
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Sub heading abstract

This study investigates the potential effect of indole-3-propionic acid (IPA)-producing Clostridium
sporogenes in experimental influenza. The results showed that live and pasteurized C. sporogenes
protect against infection, an effect associated with restoration of systemic IPA and independent of the

pregnane X receptor, a xenosensor known to be activated by IPA.

Abbreviations

Ccl2, chemokine (C-C motif) ligand 2
CWAS, cumulative welfare assessment score
dpi, day post-infection

DMEM, Dulbecco’s Modified Eagle Medium
DPBS, Dulbecco’s Phosphate-Buffered Saline
IAA, indole acetic acid

IL, interleukin

ILA indole lactic acid

IPA, indole-3-propionic acid

1AV, influenza A virus

LC-MS/MS, liquid chromatography coupled with tandem mass spectrometry

MaAsLin2, multivariate analysis by linear models 2

MOI, multiplicity of infection
Nuclear magnetic resonance (NMR)
DFT, density functional theory

PFA, paraformaldehyde

PXR, pregnane X receptor

TCIDS50, tissue culture infectious dose

TMPRSS2, transmembrane serine protease 2
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Introduction

Every year, influenza A virus (IAV) affects hundreds of millions of people worldwide, and many
succumb to pneumonia or complications beyond the lungs'. Seasonal flu alone claims between
200,000 and 600,000 lives annually, with millions more suffering long-term consequences®. Beyond
these recurring challenges, the appearance of a new, reassorted human-pathogenic IAV strain, that
happens roughly every 20 to 30 years, can be devastating'”. A growing body of evidence shows that
the gut microbiota plays a key role in respiratory infections, including those caused by IAV*”.
Mechanistically, components of the gut microbiota, especially metabolites produced by intestinal
commensal bacteria, enter the bloodstream and help prime the lungs to fight the virus, largely by

boosting interferon-dependent immunity® !

. IAV infection can also disrupt the gut bacterial
community, as seen in animal studies’. Our research, along with others, has shown that such
disruptions can contribute to disease severity and promote local and systemic secondary bacterial
infections, which are major causes of death'”'. In humans, influenza similarly alters the gut
microbiota, though the exact impact on disease outcomes is still unclear'’"". Recently, using a multi-
omic approach, we identified the microbial tryptophan metabolite indole-3-propionic acid (IPA),
whose levels drop significantly during infection, as a potential biomarker of influenza resistance and a
target for microbiome-based therapeutic interventions'®. To investigate the role of gut-derived IPA in
influenza, and with a view toward probiotic-based interventions, we examined the potential protective
effect of Clostridium sporogenes in an experimental model of influenza. The latter is a natural
commensal in humans and a well-known producer of IPA?. Its supplementation in mice mitigates a
variety of metabolic and inflammation-related diseases®'*. It also improves nerve regeneration and
repair’ and mitigates cognitive impairement in a mouse model of alzheimer’s disease”. The potential
effects of C. sporogenes during infection, including viral pneumonia, have not yet been reported. In
the present study, we further examined the mechanism of action of IPA, with particular emphasis on its
potential role in mediating protection through the pregnane X receptor (PXR), a nuclear receptor
known to be activated by IPA*"?. Our data collectively demonstrate that supplementation of live and
pasteurized C. sporogenes protects against severe influenza and that the effects are independent from
PXR. Protection correlated with remodeling of the gut microbiota’s composition and with elevated
systemic [PA levels. The latter as well as IPA analogues have no direct antiviral effects suggesting that
the protective effect of IPA in vivo may involve indirect modulation of host response. Collectively,
restoring IPA levels through preventive C. sporogenes supplementation might represent a promising

microbiome-based option to control the severity of influenza.

Materials and Methods
Mice and ethics statement
Specific pathogen-free male C57BL/6J mice were purchased from Janvier (Le Genest-St-Isle, France).

PXR deficient (N1i2"") mice (backcrossed on the C57BL/6J background) were originally engineered
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in Pr. Kliewer’s laboratory (Department of Pharmacology, UT Southwestern Medical Center, Dallas,
TX)*. All experiments complied with the current national and institutional regulations and ethical
guidelines (Institut Pasteur de Lille, E59 350 009). Protocols were approved by the regional Animal
Experimentation Ethics Committee (Comité d’éthique en expérimentation animale/CEEA 75 - Nord-
Pas-de-Calais, France) and the French Ministry of Higher Education and Research (authorization
numbers: 00357.03, APAFIS#13743-2018022211144403v2, APAFIS#33193-2021092318476492 and
APAFIS #49679-2024052417593516 v5. The use of Nrl/i2”" mice in experimental influenza was
approved by the ministére de I’ensignement supérieur et de la recherche (OGM A2: A2-0406, dossier
DUO n°11146). The animals were euthanized by lethal injection of a barbiturate (Euthasol at 140
mg/kg, corresponding to 0.35 mL/kg of a 400 mg/mL solution, administered intraperitoneally),

following anesthesia with 2% isoflurane (flow rate of 4 L/min).

Preparation of Clostridium sporogenes and treatment

Clostridium sporogenes ATCC15579 was grown at 37°C in Brain-heart infusion medium
supplemented with 0.5% yeast extract (Difco, Detroit, USA), 2 mM acetate, 2 mg/mL fructose and 0.5
mg/ml cysteine HCI (Sigma-Aldrich, Saint-Quentin-Fallavier, France), in an anaerobic chamber (90%
N2, 5% CO,2 and 5% H2). Bacteria were washed and pellets were resuspended in Dulbecco’s
Phosphate-Buffered Saline (DPBS) containing 16% glycerol at 4 x 10° CFU/mL. Bacteria were
aliquoted and frozen at -80°C until use. To evaluate the effect of C. sporogenes, mice were
administered daily by oral gavage of C. sporogenes suspended in sterile anaerobic vehicle at a dose
of 8 x10” CFUs over a 14-day period. Treatment began 7 days before infection and continued
throughout the infection period. The control group received an equivalent volume of vehicle (DPBS
containing 16% glycerol). Another group received treatment with pasteurised C. sporogenes.
Pasteurization (fresh culture) was obtained after 30 min at 70°C. Analysis of bacterial viability and
integrity by microscopy indicated that pasteurization killed 99.99% of the bacteria, while 3-5% of the

bacteria were sporulated.

Infection and overall clinical score analysis

Mice were anesthetized via intraperitoneal administration of ketamine (1.25 mg) and xylazine (0.25
mg) diluted in 100 pl of PBS, before being intranasally infected with 50 uL of PBS containing (or not,
for mock group) 12 plaque forming units (p.f.u.) of the H3N2 [AV strain A/Scotland/20/1974. Body
weight and clinical scores (see Table 1 for clinical scoring criteria) were recorded daily. The overall
clinical score, ranging from 0 (normal) to 15, was calculated as the sum of individual parameter
scores. Data are expressed as cumulative welfare assessment score (CWAS). Mice reaching clinical
score of 9 or higher were considered moribund and euthanized. Body weight was measured daily and
recorded as percentage of body weight change from baseline (i.e., on infection day). Mice from both

groups were sacrificed at 7 dpi.
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Viral load, tissue gene expression, and circulating cytokine levels

To quantify virus load, the left lobe lungs and the right superior and post-caval lobes were
homogenized in 1 mL. Virus load in lung homogenates was assessed by titration of 50% tissue culture
infectious dose (TCID50) using Madin-Darby canine kidney (MDCK, ATCC CCL-34) cells. Data are
expressed as number of viruses per mL. The lung (the right middle and inferior lobes) and the colon
were stored in RNAlater® (Ambion, Thermo Fisher Scientific, Waltham, MA) and frozen at -80°C
until quantitative RT-PCR analysis. Quantitative RT-PCR was performed on the QuantStudio™ 5 Flex
Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA) as described'®. The murine primer
sequences are listed in Table 3. Gene expression levels were normalized to Gapdh expression. Serum
samples were collected, stored at -80°C and analyzed for cytokine profiles by ELISA (Thermo Fisher

Scientific).

Quantification of tryptophan metabolites

Tryptophan metabolites were quantified by targeted LC-MS /MS. Briefly, 50 pL of serum were
combined with an equal volume of pure acetonitrile to precipitate proteins. The acetonitrile contained
deuterated internal standards at a concentration of 50 uM (CDN Isotopes, Pointe-Claire, QC, Canada).
Following centrifugation, 50 pL of the resulting supernatant were diluted with 600 pL of deionized
water. A 10 pL aliquot of the diluted sample was subsequently injected into a UPLC-MS/MS system
(Acquity TQ-XS Detector, Waters, Milford, MA) fitted with a C18-XB column (1.7 pm, 100 A, 150 x
2.1 mm; Phenomenex®, Torrance, CA). Analytes were detected in positive ionization mode using
multiple reaction monitoring. Data acquisition and processing were performed using MassLynx

software (Waters).

In vitro anti-viral effects of IPA and IPA analogues

A549 cells (ATCC, CRM-CCL-185) expressing transmembrane serine protease 2 (TMPRSS2) and
MLE12 cells (ATCC, CRL-2110) were cultured at 37°C in Dulbecco’s Modified Eagle Medium
(DMEM) plus GlutaMAX™ or DMEM/F-12 medium (Gibco, Thermo Fisher) supplemented with
10% fetal calf serum serun (Avantor, Radnor, PA, South America origin). Amantadine, IPA and IPA
analogues were dissolved in DMSO at 500 and 800 mM. Each plate contains the negative (DMSO at
0.25%, w/vol) and positive (amantadine at a final concentration of 100 mM, Sigma) controls.
Compounds and DMSO were spotted with an Echo acoustic dispenser (Beckman Coulter, USA). One
day prior to infection, 10,000 A549-TMPRSS2 cells or 5,000 MLE-12 cells were seeded per well in
384-well plates (Greiner) and incubated overnight at 37°C. On the next day, cells were pre-treated for
1 h with IPA (1-1000 uM) or IPA analogues (75 uM) diluted in DMSO. One hour later, cells were
infected with H3N2 TAV strain A/Scotland/20/1974 at 1 multiplicity of infection (MOI). Plates were
incubated for 24h at 37°C and then fixed in paraformaldehyde (PFA). After washing, cells were
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permeabilized with PBS containing 0.1% (v/v) Triton X-100 for 4 minutes and non-specific sites were
blocked with 5% goat serum (Vector Laboratories, Burlingame, CA) for 30 minutes at room
temperature. Staining with primary mouse anti-Influenza A Nucleoprotein, clone AASH (monoclonal)
antibody (Tebubio, Le Perray-en-Yvelines, France) was performed at a dilution of 1:1000 in PBS
supplemented with 5% goat serum for 30 minutes at room temperature. After three washing with PBS,
cells were incubated with secondary antibody, anti-donkey Alexa-Fluor™ 488-conjugated anti-mouse
IgG (H+L) at a dilution of 1: 500 in PBS-5% GS supplemented with DAPI/Hoechst (Thermofisher,
1:500) for 30 minutes at RT protected from light. After three washing, the IAV infected cells were
measured using an automated high-content fluorescent microscope (IN CELL Analyzer 6000,
Molecular Devices) equipped with a 20X (NA 0.75) or 60X (NA 0.95) air objective (Nikon, Tokyo,
Japan). Images were then analyzed by using Columbus image analysis software (version 2.3.1,
PerkinElmer) to determine the number of infected cells (N-positive cells) and the total number of cells

(DAPI stained nuclei).

Synthesis of conformationally constrained IPA analogues

A short previously reported synthetic strategy was applied to build a new library of IPA analogues
(Figure 3C). Starting from simple commercially available indoles with bromine atoms at various
positions of the carbocycle, reaction with itaconic anhydride in the presence of BF3;Et,O afforded
carboxylic acid analogues 1-4 in moderate to good yields. To check the impact of the introduction of a
halide atom on the activity, the same method was used with 4-fluoroindole as starting material leading
to compound 5. Direct isolation of pure carboxylic acids 2 and 3 as easy-to-handled powders from step
one was tedious. To bypass this trouble in these two particular cases, an indirect synthetic route was
applied. Crude reaction mixtures from the first step were engaged with refluxing methanol or ethanol
generating the corresponding esters 8 and 11 which were further hydrolyzed without purification using
concentrated HCI aqueous solution, to afford the desired acids 2 and 3 as solids after simple filtration.
To enlarge our structure-activity relationship study, modulations were also introduced on the
carboxylic acid part. Thus, in a second step, Fischer esterification in refluxing methanol or ethanol
afforded corresponding esters 6—15 in good yields. Finally, in order to evaluate the influence of the
hydrogen atom at the N1-position on the biological activity, compounds 16—25 were synthesized using

iodomethane in the presence of sodium hydride, with yields ranging from 24% to 73% (Figure 3C).

Structure and mechanism elucidation

The first cyclization step leading to compound 1-5 proceeds by initial conjugated addition of indole to
the double bond of itaconic anhydride giving intermediate 26 (Supplementary Figure 4)*'. Further 1,2
attack at one carbonyl to generate a spiro-indole, and 1,2-migration produces the tetrahydrocarbazole
scaffold. 4-oxygenated isomer is also a possible product of the reaction. Although 'H and '*C NMR

spectra of compounds 1-25 were consistent with the proposed structure having the ketone function at

6
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the 1-position, we sought to further validate these structural assignments by performing DFT
calculations of the '>*C NMR chemical shifts for compound 7 and its 4-oxo isomer 7° (Supplementary
Figure 4). The calculated chemical shifts were then compared to the experimental ones obtained for 7
whose *C NMR signal assignments were established on the basis of 'H, *C, HSQC 'H-"*C, HMBC
'"H-C, COSY 'H-'H and NOESY 'H-'H experiments. The computed *C NMR chemical shifts
(Table S1) for compound 7 showed excellent agreement with the experimental data, with RMSD
values of 2.3 ppm (CS5, bonded to bromine was excluded from the RMSD calculation). In contrast,
comparison of the experimental data with the chemical shifts calculated for 7' gave significantly
higher RMSD values of 7.2 ppm. The discrepancies were particularly pronounced for C4a and C9a,
for which differences of 15-20 ppm were observed for 7', compared with approximately 2 ppm for 7.
Taken together, the low RMSD obtained for compound 7 and the clear discrimination from the

alternative isomer confirm the structure of the compound (Supplementary materials and methods).

Analysis of PXR expression by immunohistochemistry

Paraffin-embedded lung sections were deparaffinized using the PT Module and Dewax and heat-
induced antigen retrievial Buffer H, pH 9.0 (Epredia, Portsmouth, NH). Immunohistochemical
labelling was performed on the Autostainer 360-2D (Epredia). The slides were immersed in PBS-
Tween 20 buffer (PBT010, SkyTek Laboratories) for 15 min, washed, and then blocked with EZ Block
solution (EZB125, SkyTek Laboratories, Logan, Utah). For immunolabeling, sections were incubated
overnight at 4°C with the polyclonal rabbit anti mouse-PXR (ab217375, Abcam) diluted 1:100 in
normal antibody diluent (EZB 125, SkyTek Laboratories). The sections were then washed with PBS-
Tween 20 buffer and then incubated for 1 h with the biotinylated, goat anti-rabbit IgG HRP-labelled
polymer (BA-1000, Vector Laboratories, Newark, CA). After washes, slides were incubated with the
avidin-biotin-HRP (ABC) complex (Vector Laboratories) for 45 min. After washes, tissue sections
were stained with diaminobenzidine (ImmPACT DAB EqV, Peroxidase substrate, SK-4103, Vector
Laboratories), counterstained with hematoxylin, dehydrated through graded alcohols, and mounted
with coverslips. The entire tissue sections were scanned using Axioscan Z1 (Zeiss, Germany) and then
subjected to digital image analysis using QuPath open software for bioimage analysis (https:// qupath.
github. i0). Cells were classified as either positive or negative based on the average intensity of

nuclear DAB staining.

Sample collection, genomic DNA extraction and sequencing

Genomic DNA extraction from feces was conducted by classical procedure using the
QIAamp®PowerFecal®Pro DNA Kit from Qiagen (Les Ulis France). Genomic DNA suspensions
were stored at -20°C. Microbial diversity and composition were determined for each sample by
targeting a portion of the ribosomal genes. Amplification of the V3 and V4 hypervariable region of the
16S rRNA gene was performed using the Kit PCR KAPA HIFI HotStart from Kapabiosystem (Le Cap,

7
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South Africa). The PCR products were multiplexed at equal concentrations and purified using a
PippinHT system (Sage Science, Beverly, MA). Sequencing was performed using a 250-bp paired-end
sequencing protocol on the @BRIDGe plateform (INRAE, Jouy en Josas, France) using MiSeq
MO04152 Illumina (Illumina, San Diego, CA).

MaAsLin2 analysis

Differential abundance analyses were performed at the genus level using MaAsLin2*%. Outliers were
identified using Tukey’s rule in Aitchison space and excluded before analysis. Genera were retained if
they reached a maximum relative abundance >1% and a prevalence >30% in at least one group. Data
were TSS-normalized, log-transformed and analyzed using linear models. Longitudinal models
included time as a fixed effect and mouse identity as a random effect, whereas between-group models
included treatment as a fixed effect, with vehicle as the reference. Associations with FDR-adjusted g <

0.25 were considered significant.

Statistical analysis

Results are presented as the mean + SD (standard deviation), as indicated. Statistical analyses were
performed using GraphPad Prism (version v9.2.0, GraphPad Software Inc., San Diego, CA). A two-
tailed Mann-Whitney U-test was used to compare two groups. For each mouse, the area under the
curve (AUC) for body weight change and clinical score was calculated individually from longitudinal
measurements using the trapezoidal method in GraphPad Prism. AUC values were compared between
groups using the two-tailed unpaired Mann-Whitney test. Pearson correlation analysis and linear
regression were performed using GraphPad Prism (version v9.2.0) to assess the relationship between
the concentration of IPA and the number of viruses in lungs. The Pearson correlation coefficient (r),
coefficient of determination (R?), and corresponding two-tailed P value were calculated. Statistical

significance was defined as *p < 0.05, **p < 0.01, and ***p < 0.001.

Results

Supplementation with C. Sporogenes restores the systemic level of IPA and reshapes the
composition of the gut microbiota following IAV infection

Adult male C57BL/6 mice (3 months old) were supplemented daily by intragastric administration of
C. sporogenes or vehicle for seven consecutive days before the inoculation of a sub-lethal dose of IAV.
Treatment was administered throughout the duration of the infection (schematic procedure in Figure
1A). Mice were sacrificed at day 7 post-infection (7 dpi), corresponding to the peak of the acute phase.
We first investigated whether C. sporogenes supplementation impacts on IPA levels in IAV-infected
mice. Targeted liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) revealed
IPA in blood at steady state (Figure 1B). As observed previously'®, blood levels of IPA fell massively

upon TAV infection. Interestingly, C. Sporogenes treatment restored blood IPA concentration at 7 dpi,

8
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although it did not return to basal levels. The concentrations of other tryptophan-derived metabolites
such as indole lactic acid (ILA) and indole acetic acid (IAA) were significantly altered by infection
(Supplementary Figure 1A and 1B). While [AA levels were unaffected by C. sporogenes
supplementation, ILA concentrations were significantly reduced following supplementation.

We then investigated whether restoration of IPA levels associates with changes in the composition of
the gut microbiota. To this end, 16S rRNA gene amplicon sequencing was performed on fecal samples
collected one day before infection and at sacrifice (Figure 1A). We used MaAsLin2 (multivariate
analysis by linear models 2) to identify and hierarchically rank the bacterial taxa that contributed most
to the discrimination between the groups (genus level). Influenza virus infection altered the
composition of the gut microbiota in both vehicle-treated and C. Sporogenes-treated mice
(Supplementary Figure 1C). Although the overall infection-induced changes were similar between the
two groups, supplementation with C. Sporogenes was associated with specific alterations, including an
increased relative abundance of Clostridiaceae clostridium, Lachnospiraceae anaerotipes,
Enterococcaceae enterococcus, and Desulfovibrionaceae bilophila (Supplementary Figure 1C, left
panel). Comparison of vehicle-treated and C. sporogenes-treated mice at 7 dpi confirmed the
enhancement of C. clostridium spp. (Figure 1C). In parallel, the relative abundance of two genera
within the Lactobacillaceae family, namely L. lactobacillus and L. limosilactobacillus, was also
enhanced (Figure 1C). Together, these findings indicate that C. sporogenes supplementation reshapes
the composition of the gut microbiota and counteracts the infection-associated decrease in circulating
IPA levels. Given the reported important role of IPA during influenza'®, we next investigated whether

C. Sporogenes supplementation could improve infection outcomes.

Supplementation with C. Sporogenes protects against influenza

On average, [AV-infected mice had lost ~ 15% of their initial body weight on 7 dpi (Figure 2A, left
panel). Supplementation with C. sporogenes significantly attenuated the body weight loss resulting
from infection (Figure 2A, right panel). Clinical score measurement (Table 1 for the analyzed criteria)
indicated that C. sporogenes-treated mice experienced less severe disease (almost no symptoms)
relative to vehicle-treated counterparts (Figure 2B). Interestingly, the reduced body weight loss and
clinical scores were positively corelated with systemic IPA levels (Supplementary Figure 2A).
Quantification of infectious virus production in lungs indicated that C. Sporogenes treatment was
associated with a significantly lower viral load at 7 dpi (Figure 2C). This reduced viral load was
positively correlated with circulating IPA levels (Figure 2D). It is noteworthy that the kynurenin-to-

tryptophan ratio, a predictive marker of influenza severity and mortality**-*

, was significantly reduced
in C. sporogenes-treated mice (Supplementary Figure 2B). The level of interferon (IFN)-stimulated
genes (ISGs), the expression of which is proportional to the virus load at this time, was lower in C.
sporogenes-treated animals than in vehicle-treated controls (Figure 2E, left panel). This included for

instance genes encoding the inducible protein Mx1land IFN-y. The pathogenesis of viral infection is

9
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associated with an excessive inflammatory response. The expression of genes encoding inflammatory
genes such as interleukin (IL)-6 and chemokine (C-C motif) ligand 2 (Ccl2) was also reduced in the
lungs from C. sporogenes treated-mice (Figure 2E, right panel). In line, IL-6 concentration in blood
was reduced while that of IFN-y tended to be diminished by C. sporogenes administration (Figure 2F).
Influenza results in an impairment of the epithelial barrier function®’. Interestingly, C. sporogenes
supplementation attenuated the infection-associated reduction in transcripts encoding forkhead box
protein J1 (Foxjl, involved in ciliogenesis), claudin-1 and claudin-7 (CdInl and CdIn7, components of
epithelial tight junctions), and surfactant protein C (Sptpc, a marker of alveolar type 2 epithelial cells)
(Figure 2G). These findings suggest that C. sporogenes supplementation may contribute to the
preservation of the pulmonary epithelial barrier. Influenza infection alters gut homeostasis and

promotes intestinal inflammation®*>

. Interestingly, C. sporogenes supplementation lowered the
synthesis of transcripts encoding ISGs and inflammatory markers in the colon such as Mxl1, Isgl5,
IFNy, and IL12p40 (Supplementary Figure 2C). Taken as a whole, C. sporogenes supplementation

reduced pulmonary viral burden and attenuated lung, systemic, and intestinal inflammation.

IPA and IPA analogues have no direct antiviral activity against IAV in vitro

The effect of C. sporogenes supplementation on viral load correlates with IPA levels (Figure 2D). The
extent to which the observed in vivo activity of C. sporogenes (this study) and IPA'® is attributable to
their direct antiviral effects versus their host immune-modulatory functions remains to be determined.
Given that several indole derivatives have been reported to exert direct antiviral effects’’*!, we
measured the antiviral activity of IPA and IPA analogues in vitro. Given that the serum concentrations
of IPA are relatively high under homeostatic conditions (in the micromolar range, 3 uM in our setting),
IPA was used at 1, 10, 100 and 1000 uM. Human A549 lung epithelial cells, which represent a primary
target of AV infection, were pre-treated with IPA for 1 h prior to viral infection. Amandatine, used as
a positive control, significantly lowered the number of infected cells 24 h post-infection (Figure 3A).
In marked contrast, IPA had no effect on viral replication at any of the concentrations tested. Similar
data were obtained using the mouse lung epithelial cell line MLE-12 (Figure 3B).

The therapeutic applications of IPA are attracting increasing attention, with ongoing opportunities to
optimize its structure for future clinical use?**?. We therefore synthesized various analogues of IPA by
modifying the indole structure at positions 1, 4, 5, 6, and 7 (Figure 3C). We also added an additional
ring to make the molecule more constrained*. IPA chemical structure could be optimized on the basis
of a large structure-activity relationship study. First of all, as the introduction of various substituents
such as halogen atoms on benzenic ring could highly modify the activity of indole derivatives, fluorine
and bromine atoms were introduced in 4-, 5-, 6- or 7-positions (1-5). Then, to evaluate the impact of
polar functions on the activity, hydrogens atoms of the carboxylic acid group and the one of the indolic

NH moiety were removed leading after Fischer esterification to the corresponding methyl and ethyl
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esters analogues (6-15) or after methylation in basic conditions to N-methylated derivatives (16-25),
respectively. Nuclear magnetic resonance (NMR) calculations confirmed the structure of the
compounds in accordance with the original work. Comparison of density functional theory (DFT) 13C
calculated chemical shifts and experimental 2D NMR analysis of compound 7 and its regioisomer 7’
evidenced a clear discrimination between both isomers and confirm the structure of the compounds
(Table 2 and Supplementary Figure 4). As shown in Figure 3D, these IPA analogues failed to reduce
viral replication in our experimental settings. These findings indicate that IPA does not exert a direct
antiviral effect against IAV in lung epithelial cells in vitro, suggesting that the protective effects

observed in vivo are more likely mediated through host-dependent mechanisms.

The protective effects of C. sporogenes are not mediated by PXR

IPA can signal through the xenobiotic nuclear receptor PXR, encoded by Nr/i2***. The latter plays a
key role in regulating the expression of enzymes and transporters involved in drug metabolism
following exposure to xenobiotics. PXR is predominantly expressed in the liver and gastrointestinal

272 Immunohistochemical

tract, where it mediates detoxification and anti-inflammatory effects
analysis revealed PXR expression in the lungs, including in bronchial and alveolar epithelial cells
(Figure 4A). Quantitative RT-PCR confirmed Nrli2 expression in the lungs and revealed a strongly
reduced expression at 7 dpi compared with baseline levels (Figure 4B, left panel). Consistently,
expression of the PXR target gene Cyp3all was also strongly downregulated at 7 dpi (Figure 4B, right
panel). C. sporogenes supplementation did not prevent the infection-associated decrease in Nr/i2 and
Cyp3all expression at 7 dpi (not shown).

We then assessed the potential contribution of PXR in host response during experimental influenza
infection. PXR deficiency (Nr1i2”" mice) had no effect on influenza severity in terms of body weight
loss and clinical score, viral load, and expression of ISGs and inflammatory factors (Figure 4C). These
findings are consistent with the marked drop of both systemic IPA levels and pulmonary Nrii2
expression observed in [AV-infected mice. We next investigated whether the protective effects of C.
sporogenes were dependent, at least in part, on PXR expression. As shown in Figure 4D, PXR
deficiency had no effect on body weight loss, clinical score and viral load. While ISG transcript
expression was not modulated by PXR deficiency, expression of inflammatory transcripts tended to be
enhanced. We conclude that PXR does not naturally contribute to influenza severity or to the

protection conferred by C. sporogenes supplementation.

Pasteurized C. sporogenes is protective against influenza

Using non-viable bacteria may improve safety while simplifying large-scale production, formulation,
and quality control. Indeed, the use of non-viable bacteria could offer important safety advantages
over administration of live bacteria, while also facilitating manufacturing, formulation, and quality

control at an industrial scale. Given the therapeutic potential of C. sporogenes for human
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applications”’23 23,2645

, we therefore evaluated whether pasteurized C. sporogenes could similarly
mitigate influenza severity. To this end, we adapted a method originally developed for the preparation
of pasteurized Faecalibacterium duncanie®®. In the case of C. sporogenes, this procedure strongly, but
not completely, reduced C. sporogenes viability (see Materials and Methods). Mice were treated with
pasteurized C. sporogenes using the same protocol that was used for the native form (Figure 1A).
Similar to the beneficial effect observed with live C. sporogenes, and compared to control mice,
treatment with pasteurized C. sporogenes was associated with a significant attenuation of body weight
loss in IAV-infected mice (Figure 5A). In parallel, pasteurized C. sporogenes ameliorated clinical
scores of IAV-infected mice (Figure 5B). This beneficial effect was associated with a significantly
lower viral load in the lungs (Figure 5C). Reduction of viral load, as well as body weight loss and
clinical scores, associated with restoration of IPA levels in blood (but not IAA and ILA) (Figure 5D,
Supplementary Figure 3A and 3B and not shown). As observed with live C. Sporogenes, pasteurized
C. Sporogenes significantly reduced the concentration of ILA (but not IAA) as well as the
kynurenin/tryptophan ratio (Supplementary Figure 3B and 3C). The expression level of gene encoding
Mx1, Isgl5 and IFN-y as well as inflammatory markers was lower in mice supplemented with
pasteurized C. sporogenes than in control mice (Figure SE). The blood concentrations of IFN-y and IL-
6 were low in C. sporogenes-treated mice (Figure 5F). Unlike live C. sporogenes, pasteurized C.
sporogenes failed to modulate the expression of genes involved in lung barrier (Figure 5G). On the
other hand, expression of transcripts encoding ISGs and inflammatory cytokines was abrogated in the
colon (Supplementary Figure 3D). Comparison of the gut microbiota’s composition between vehicle-
treated and pasteurized C. sporogenes-treated mice at 7 dpi revealed higher abundance of C.
clostridium and members of the Lactobacillaceae family in the latter group (Figure 5H). Taken
together, pasteurized C. Sporogenes is almost as effective as live C. Sporogenes in lowering influenza

severity.

Discussion

Recent findings from our group indicate that IPA is a key factor in modulating the severity of
experimental influenza'®. Notably, a recent study confirmed this finding?’, and additional studies
suggest that the beneficial effects of IPA may extend to other viral pneumonias in humans, including
coronavirus disease 2019*7*°. These findings collectively raise the possibility that the capacity of the
gut microbiome to produce IPA from tryptophan may serve as a biomarker of susceptibility to severe
viral pneumonia. In support of this hypothesis, a recent large-scale human study involving more than
13,000 participants demonstrated that higher IPA levels are associated with a lower risk of developing
(bacterial) pneumonia®®. Consequently, supplementation with IPA-producing bacteria, or with bacteria
that enhance IPA synthesis, could represent a promising strategy to reduce the severity and perhaps
long-term consequences of pneumonia. In the current study, we demonstrate that C. sporogenes, a

spore-forming bacteria known to produce IPA, protects against acute influenza in mice, revealing its
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potential as a prophylactic and therapeutic strategy to mitigate post-viral pneumonia complications
through the gut-lung axis.

21723252645 However, to our

Clostridium sporogenes has strong potential for clinical application
knowledge, its impact on infectious diseases, including respiratory viral infections, has not yet been
investigated. Likewise, although the beneficial effects of probiotics, primarily Lactobacillus and
Bifidobacterium spp., on influenza have been widely reported® ™, the potential role of tryptophan
derivatives remains elusive. Our data clearly demonstrated that preventive use of live and pasteurized
C. sporogenes protects against influenza. The substantial reduction in viral replication (>2-log
decrease at 7 dpi) likely accounts for the strong reduction in both local and systemic inflammation.
However, the possibility that C. sporogenes also exerts direct anti-inflammatory effects, independently
of its antiviral activity, cannot be ruled out. Consistent with this hypothesis, C. sporogenes has been
reported to attenuate inflammation in multiple inflammatory conditions®'#*?®. Remarkably, protection
confered by C. sporogenes strongly associated with IPA levels. It is noteworthy that IAA and ILA,
other microbial tryptophan metabolites, did not correlate with disease outcome in our setting.
Considering that C. sporogenes possesses a specific metabolic fingerprint, consisting predominantly of
IPA, the branched-chain acids isobutyrate and isovalerate and the short-chain fatty acids propionate

and acetate (the latter has also been shown to protect against influenza severity'*>*

), it remains
possible that metabolites other than IPA, or additional bacterial factors, contribute to the observed
protection. C. sporogenes treatment increased the relative abundance of two important genera within
the Lactobacillaceae family, namely L. lactobacillus and L. limosilactobacillus, which are well known
for their beneficial effects on health. It is noteworthy that some members of the Lactobacillaceae
family can produce ILA, which can serve as a precursor for microbial IPA production®. Consistent
with a potential microbial cross-feeding mechanism, ILA levels were reduced in C. sporogenes-treated

mice.

Clostridium sporogenes and IPA exert their effects through diverse mechanisms involving both
receptor-dependent pathways, such as those triggered by PXR, the aryl hydrocarbon receptor, and
peroxisome proliferator-activated receptor-p/5, and receptor-independent mechanisms?'2+24245:¢  Of
note, PXR has recently been shown to protect against acute respiratory distress syndrome via indole-3-
acetaldehyde®’. Our findings indicate that C. sporogenes (and IPA, not shown) protects against
influenza independently of PXR, suggesting that alternative pathways mediate their beneficial effects.
These mechanisms remain to be fully elucidated. In the same line, and in our experimental setting, the
mode of action of IPA on the control of viral load remains to be elucidated. The effect could be direct,
targeting viral proteins or host cellular pathways involved in viral entry, replication, assembly, or

release, or indirect, through modulation of innate or adaptive immunity, inflammation, epithelial

responses, or other host-pathogen interactions. It is noteworthy that IPA can activate innate responses,
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for instance by activating signal transducer and activator of transcription-related pathways and
inducing interferon type 1 production (e.g., by epithelial cells)****’. Our data show no direct effect of
IPA on IAV replication in vitro, contrasting with the findings of Antunes and colleagues’’. This
discrepancy may reflect differences in experimental models, as their study used primary cells and
tissues, whereas ours relied on cell lines. Although cell lines are valuable for investigating viral
replication and antiviral mechanisms, they do not fully recapitulate the complexity of host tissues,
often exhibit altered metabolism and antiviral responses, and lack interactions with immune cells and

inflammatory mediators that can influence antiviral activity.

The development of IPA as a target drug for the treatment of intestinal, metabolic and neuronal
diseases is promising®*2. Although IPA research is still in the experimental animal model stage, there
is growing interest in the many therapeutic applications of IPA and increasing opportunities to further
modify IPA for future clinical applications. In this study, given the potential antiviral effects of indole

derivatives®”

, we performed a structure-activity relationship study around the IPA scaffold. Diverse
substituents were introduced on the indole benzo ring and nitrogen atom, as well as on the carbonyl
function. NMR calculations confirmed the structure of the compounds. In our setting, IPA analogues
failed to exert a direct effect on viral replication in vitro. Whether IPA analogues can reduce viral load
in vivo remains to be investigated. An important finding of the current study is that pasteurized C.
sporogenes 1is efficient in protecting against influenza infection. 16S rRNA sesquencing analysis
indicated that pasteurisation does not prevent the growth of C. sporogenes (analyzed 14 days after
treatment initiation) and protection correlated with blood IPA levels. It is likely that surviving spores
returned to vegetative growth after pasteurization. It is noteworthy that unlike live C. sporogenes,
pasteurised C. sporogenes had no apparent effect on pulmonary barrier functions. The reasons remain
unclear and warrant further investigation. The fact that pasteurized C. sporogenes exhibited effects
similar to those of live bacteria in mitigating influenza severity, with the exception of effects on the
pulmonary barrier, is particularly exciting from a therapeutic perspective. Indeed, the use of non-viable
bacteria could offer important safety advantages over administration of live bacteria, while also

facilitating manufacturing, formulation, and quality control at an industrial scale.

Collectively, restoring IPA levels through preventive C. sporogenes supplementation might be an
interesting strategy for limiting the severity of influenza. These findings may also extend to other
respiratory viral infections, such as severe acute respiratory syndrome coronavirus 2 and respiratory
syncytial virus*”. Additionally, given the growing interest in the role of IPA in bacterial infections,

including bacteria-associated pneumonia®-%-3%%

, preventive C. sporogenes supplementation to restore
IPA levels may represent a promising approach in these settings as well. The present study has some
limitations. First, we focused on male mice and the potential benefit of C. sporogenes treatment in

female mice, known to show more acute outcomes®, needs to be investigated. Another limitation is
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our focus on the acute phase of infection. Given that severe influenza can lead to long-term sequelae
as a result of excessive inflammation and/or defective recovery/repair processes, the potential impact
of C. sporogenes treatment on these sequelae warrants further investigation. Our study was limited to
the assessment of lung, and to a lesser extent, gut damage. Future research should explore the broader
impact of C. sporogenes supplementation, examining its potential to alleviate both pulmonary
dysfunction and extrapulmonary conditions, including skeletal muscle atrophy that restricts mobility,
cardiac and renal damage, and cognitive deficits. Lastly, we specifically investigated the effects of a
preventive strategy designed to deliver C. sporogenes before infection, thereby potentially influencing
gut microbiota functionality and/or programming host cells to fight against infection. C. sporogenes
was also delivered during the early phases of infection. Whether therapeutic delivering C. sporogenes
at symptom onset could provide benefits and further improve influenza outcomes remains an

important question for future studies.
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Legends for figures

Figure 1. Impact of C. sporogenes supplementation on IPA production and gut microbiota
composition in IAV-infected mice. A, Schematic representation of the experimental procedure. Male
C57BL/6 mice received DPBS-glycerol (Vh) or C. sporogenes (8 x10” CFU/mouse/day) in DPBS-
glycerol, 7 days before IAV infection until the experimental endpoint. Mice were infected with IAV on
day 0 and were sacrificed on 7 dpi. Non-infected vehicle-treated mice (Mock) served as controls. B,
IPA was measured in blood samples using LC-MS /MS. (mean + SD). Values for individual animal
are presented (n = 6-9/group) (nM). One representative experiment out of four independent
experiments is shown. Statistical significance was determined using a two-tailed Mann-Whitney U
test. (** p < 0.01). C, Seven days after IAV infection, fecal contents were collected for 16S rRNA
profiling (n = 9/group). Fecal samples from each mock-infected mouse were also collected (n = 6).
Maslin2 analysis indicating the most discriminant bacterial genus associated with changes in C.

sporogenes-treated mice. Only genera with a MaAsLin2 g-value < 0.25 are shown.
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Figure 2. Effect of C. sporogenes administration prior to influenza infection on body weight loss,
lung viral load and inflammation. A, Body weight loss during infection (expressed as percentage
initial weight). The right panel shows area under the curve (AUC) at 7 dpi. B, Clinical scores were
monitored over the 7-day infection period. The right panel shows AUC (cumulative welfare
assessment score, CWAS). C, The number of infectious particles was quantified using a TCIDsy assay.
Data are expressed as the mean £ SD of infectious virus particles per mL. D, Correlation between
pulmonary viral load and IPA levels in blood was measured by Pearson’s correlation analysis and
linear regression in R. E and G, mRNA copy numbers were quantified by RT-PCR (7 dpi). Data are
expressed as the mean fold change relative to average gene expression in mock-infected animals + SD.
F, Cytokine concentrations in blood as measured by ELISA. A-G, A single experiment out of three is
shown (n = 9-10). Significant differences were determined using the two-tailed Mann Whitney U test

(A-C and E-F). (* p < 0.05, ** p < 0.01, **** p < 0.0001).

Figure 3. Effect of IPA and its analogues on viral replication in vitro. A and B, Human A549 and
mouse MLE12 lung epithelial cells were exposed to grading doses of IPA (1-1000 uM). C, Synthetic
route to original carbazoles as IPA analogues. D, A549 cells were exposed with IPA analogues (75
uM). A, B, and D. One hour post-treatment, cells were infected with IAV (1 MOI). 24 h after
infection, the percentage of IAV-positive cells as well as the number of living cells were quantified
using an automated fluorescent confocal microscope. Amandatine (100 uM) was used as a positive
control. Statistical significance was determined using a two-tailed Mann-Whitney U test. (* p < 0.05,

k% 1) < 0,001, **%* p < 0.0001).

Figure 4. Role of PXR signaling in the protective effects of C. sporogenes supplementation in
IAV-infected mice. A, Representative micrographs showing PXR expression in the lungs by
immunohistochemistry (x 20). B, mRNA copy n numbers were quantified by RT-PCR (whole lungs,
mock and IAV-infected mice). Data are expressed as the mean fold change relative to average gene
expression in mock-infected animals = SD. One experiment out of at least four performed (n = 6-8). C,
Wild type mice and Nrli2”" mice were infected with IAV. The body weight loss, clinical score, viral
load and expression of genes in lungs are shown. D, Wild type mice and Nrli2”" mice were treated
with C. sporogenes as described in Figure. 1A and then infected with IAV. C and D, One experiment
out of two performed is shown (n = 7). Statistical significance was determined using a two-tailed

Mann-Whitney U test. (*** p <0.001, **** p <(0.0001).

Figure 5. Effect of pasteurized C. sporogenes administration on body weight loss, lung viral load
and inflammation. A and B, Body weight loss and clinical scores were monitored over the 7-day
period. Data are expressed as AUC. C, The number of infectious particles was quantified using a

TCIDsy assay. Data are expressed as the mean + SD of infectious virus particles per mL. D,
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Concentration of IPA in blood and correlation with viral load in lungs. E and G, mRNA copy numbers
were quantified by RT-PCR (7 dpi). The data are expressed as the mean fold change relative to
average gene expression in mock-infected animals + SD. F, Concentration of cytokines in blood. A-G,
one experiment shown out of three performed (n = 8-9). Significant differences were determined using
the two-tailed Mann Whitney U test (* P <0.05, ** P <0.01, *** P <0.001). H, Seven days after [AV
infection, fecal contents were collected for 16S rRNA profiling (n = 8/group). Fecal samples from
each mock-infected mouse were also collected (n = 6). MaAsLin2 analysis showing bacterial genera
differentially associated with pasteurized C. sporogenes treatment compared with vehicle at 7 dpi.

Only genera with a MaAsLin2 g-value < 0.25 are shown.

Supplementary Figure 1. A, Body schematic showing the conversion pathway of tryptophan into
different bioactive indole metabolites including those that require the gut microbiota for conversion. B,
ILA and IAA were measured in blood samples using targeted quantitative metabolomics (mean + SD).
Values for each individual animal are presented (n = 9) (nM).C, Fecal contents were collected the day
of infection and at 7 dpi for 16S rRNA profiling. Maslin2 analysis indicating the most discriminant
bacterial genus associated with changes in IAV-infected mice (Vh versus C. sporogenes-treated mice).

Only genera with a MaAsLin2 g-value < 0.25 are shown.

Supplementary Figure 2. Effect of C. sporogenes supplementation on systemic kynurenin-to-
tryptophan ratio and gene expression in colon. A, Correlation between body weight loss and
clinical scores was measured by Pearson’s correlation analysis and linear regression in R. B, Systemic
kynurenin/tryptophan ratio in vehicle and C. sporogenes-treated mice at 7 dpi. C, Colons were
collected at 7 dpi. mRNA copy numbers were quantified by RT-PCR. Data are expressed as the mean
fold change relative to average gene expression in mock-infected animals + SD. A single experiment
out of three was performed (n = 9-10). Significant differences were determined using the two-tailed

Mann Whitney U test (* p < 0.05).

Supplementary Figure 3. Effect of pasteurized C. sporogenes administration prior to influenza
infection on body weight loss, lung viral load and inflammation. A, Correlation between body
weight loss and clinical scores was measured by Pearson’s correlation analysis and linear regression in
R. B, ILA and IAA were measured in blood samples using targeted quantitative metabolomics (mean +
SD). Values for individual animal are presented (nM). C, Systemic kynurenin/tryptophan ratio in
vehicle and C. sporogenes-treated mice at 7 dpi. D, mRNA copy numbers were quantified by RT-PCR
(7 dpi). Data are expressed as the mean fold change relative to average gene expression in mock-
infected animals £ SD. One experiment shown out of three performed (n = 8-9). Significant
differences were determined using the two-tailed Mann Whitney U test (* p < 0.05, ** p <0.01, *** p
<0.001).
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Supplementary Figure 4. Structure of intermediate 26 identified by J. Bergman and A.-L. Johnson, 7,

and its 4-oxo isomer 7°.
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Figure 1

Impact of C. sporogenes supplementation on IPA production and gut microbiota composition in IAV-
infected mice. A, Schematic representation of the experimental procedure. Male C57BL/6 mice received

DPBS-glycerol (Vh) or C. sporogenes (8 x107 CFU/mouse/day) in DPBS-glycerol, 7 days before IAV



infection until the experimental endpoint. Mice were infected with IAV on day 0 and were sacrificed on 7
dpi. Non-infected vehicle-treated mice (Mock) served as controls. B, IPA was measured in blood samples
using LC-MS /MS. (mean + SD). Values for individual animal are presented (n = 6-9/group) (nM). One
representative experiment out of four independent experiments is shown. Statistical significance was
determined using a two-tailed Mann-Whitney U test. (** p < 0.01). C, Seven days after IAV infection, fecal
contents were collected for 16S rRNA profiling (n = 9/group). Fecal samples from each mock-infected
mouse were also collected (n = 6). Maslin2 analysis indicating the most discriminant bacterial genus
associated with changes in C. sporogenes-treated mice. Only genera with a MaAsLin2 g-value < 0.25 are

shown.
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Effect of C. sporogenes administration prior to influenza infection on body weight loss, lung viral load
and inflammation. A, Body weight loss during infection (expressed as percentage initial weight). The
right panel shows area under the curve (AUC) at 7 dpi. B, Clinical scores were monitored over the 7-day
infection period. The right panel shows AUC (cumulative welfare assessment score, CWAS). C, The
number of infectious particles was quantified using a TCID5, assay. Data are expressed as the mean +
SD of infectious virus particles per mL. D, Correlation between pulmonary viral load and IPA levels in
blood was measured by Pearson'’s correlation analysis and linear regression in R. E and G, mRNA copy
numbers were quantified by RT-PCR (7 dpi). Data are expressed as the mean fold change relative to
average gene expression in mock-infected animals t SD. F, Cytokine concentrations in blood as
measured by ELISA. A-G, A single experiment out of three is shown (n = 9-10). Significant differences
were determined using the two-tailed Mann Whitney U test (A-C and E-F). (* p < 0.05, ** p < 0.01, **** p <
0.0001).
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Figure 3

Effect of IPA and its analogues on viral replication in vitro. A and B, Human A549 and mouse MLE12
lung epithelial cells were exposed to grading doses of IPA (1-1000 mM). C, Synthetic route to original
carbazoles as IPA analogues. D, A549 cells were exposed with IPA analogues (75 mM). A, B, and D. One
hour post-treatment, cells were infected with IAV (1 MOI). 24 h after infection, the percentage of IAV-
positive cells as well as the number of living cells were quantified using an automated fluorescent



confocal microscope. Amandatine (100 uM) was used as a positive control. Statistical significance was
determined using a two-tailed Mann-Whitney U test. (* p < 0.05, *** p < 0.001, **** p < 0.0001).
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Figure 4

Role of PXR signaling in the protective effects of C. sporogenes supplementation in IAV-infected mice.
A, Representative micrographs showing PXR expression in the lungs by immunohistochemistry (x 20). B,
mRNA copy n numbers were quantified by RT-PCR (whole lungs, mock and IAV-infected mice). Data are
expressed as the mean fold change relative to average gene expression in mock-infected animals + SD.
One experiment out of at least four performed (n = 6-8). C, Wild type mice and Nr7i2”- mice were infected
with IAV. The body weight loss, clinical score, viral load and expression of genes in lungs are shown. D,

Wild type mice and Nr7i27- mice were treated with C. sporogenes as described in Figure. 1A and then



infected with IAV. C and D, One experiment out of two performed is shown (n = 7). Statistical
significance was determined using a two-tailed Mann-Whitney U test. (*** p < 0.001, **** p < 0.0001).
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Figure 5

Effect of pasteurized C. sporogenes administration on body weight loss, lung viral load and
inflammation. A and B, Body weight loss and clinical scores were monitored over the 7-day period. Data



are expressed as AUC. C, The number of infectious particles was quantified using a TCID5, assay. Data

are expressed as the mean * SD of infectious virus particles per mL. D, Concentration of IPA in blood and
correlation with viral load in lungs. E and G, mRNA copy numbers were quantified by RT-PCR (7 dpi). The
data are expressed as the mean fold change relative to average gene expression in mock-infected
animals z SD. F, Concentration of cytokines in blood. A-G, one experiment shown out of three performed
(n = 8-9). Significant differences were determined using the two-tailed Mann Whitney U test (* P < 0.05, **
P <0.01,** P <0.001). H, Seven days after IAV infection, fecal contents were collected for 16S rRNA
profiling (n = 8/group). Fecal samples from each mock-infected mouse were also collected (n = 6).
MaAsLin2 analysis showing bacterial genera differentially associated with pasteurized C. sporogenes
treatment compared with vehicle at 7 dpi. Only genera with a MaAsLin2 g-value < 0.25 are shown.
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