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ABSTRACT 
 
Objective In association with innate and adaptive immunity, the microbiota controls the 

colonization resistance against intestinal pathogens. Caspase recruitment domain 9 (CARD9), 

a key innate immunity gene, is required to shape a normal gut microbiota. Card9–/– mice are 

more susceptible to the enteric mouse pathogen Citrobacter rodentium that mimics human 

infections with enteropathogenic and enterohemorrhagic Escherichia coli. Here, we examined 

how CARD9 controls C. rodentium infection susceptibility through microbiota-dependent and 

-independent mechanisms. 

Design C. rodentium infection was assessed in conventional and germ-free (GF) wild-type 

(WT) and Card9–/– mice. To explore the impact of Card9–/– microbiota in infection 

susceptibility, GF WT mice were colonized with WT (WTàGF) or Card9–/– (Card9–/–àGF) 

microbiota before C. rodentium infection. Microbiota composition was determined by 16S 

rDNA gene sequencing. Inflammation severity was determined by histology score and 

lipocalin level. Microbiota-host immune system interactions were assessed by qPCR analysis. 

Results CARD9 controls pathogen virulence in a microbiota-independent manner by 

supporting a specific humoral response. Higher susceptibility to C. rodentium-induced colitis 

was observed in Card9–/–àGF mice. The microbiota of Card9–/– mice failed to outcompete 

the monosaccharide-consuming C. rodentium, worsening the infection severity. A 

polysaccharide-enriched diet counteracted the ecological advantage of C. rodentium and the 

defective pathogen-specific antibody response in Card9–/– mice. 

Conclusions CARD9 modulates the susceptibility to intestinal infection by controlling the 

pathogen virulence in a microbiota-dependent and independent manner. Genetic susceptibility 

to intestinal pathogens can be overridden by diet intervention that restores humoral immunity 

and a competing microbiota. 
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Significance of this study 
 
What is already known on this subject? 

Ø In association with the genetic background, the gut microbiota participates in 

colonization resistance against pathogens directly by competing for food and 

indirectly by modulating the host immune response. 

Ø CARD9, one of the inflammatory bowel disease (IBD) susceptibility gene, has a role 

in shaping the bacterial gut microbiota and is required for intestinal homeostasis. 

Ø Card9–/– mice are more susceptible to the intestinal pathogen Citrobacter rodentium 

(that mimics human infections with enteropathogenic and enterohemorrhagic 

Escherichia coli) but the mechanisms are unknown. 

What are the new findings? 

Ø CARD9 promotes resistance to the enteric pathogens by gut microbiota dependent and 

independent mechanisms. 

Ø CARD9 controls pathogen virulence in a microbiota-independent manner by 

supporting a specific humoral response. 

Ø  CARD9 participates also in colonization resistance against intestinal pathogens by 

shaping the gut microbiota which competes for sugars with pathogen. 

Ø An appropriate diet intervention can override genetic susceptibility to intestinal 

pathogens by shaping the microbiota and promoting humoral immunity. 

How might it impact on clinical practice in the foreseeable future? 

Ø Our results demonstrate an interplay between diet, microbiota and IBD-predisposing 

genes which strongly influence colonization resistance against intestinal pathogens by 

supporting the immune response and shaping the gut microbiota. 

Ø Dietary intervention supporting the host humoral response and depriving pathogens of 

food source or promoting bacteria that compete with pathogens for food source could 

be an interesting therapeutic strategy in patients with intestinal infection or with an 

intestinal disease involving Proteobacteria outgrowth, such as IBD. 
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INTRODUCTION 

The gut microbiota is composed of highly diverse microbial communities that perform a wide 

variety of functions through direct or indirect interactions with the host. In humans, fecal 

microbiota transplantation is an effective therapeutic strategy to cure recurrent Clostridium 

difficile infections.1 Thus, along with the genetic background, the gut microbiota can 

contribute to colonization resistance against pathogens directly by competing for food sources 

and indirectly by modulating the host immune response,2 3 but the underlying host 

mechanisms have yet to be thoroughly described. These mechanisms can be explored using a 

murine colitis model induced by Citrobacter rodentium, a natural mouse pathogen widely 

used to mimic human infections with enteropathogenic Escherichia coli (EPEC) and 

enterohemorrhagic E. coli (EHEC),4 which are important causes of diarrhea and mortality 

worldwide.5 6 These gram-negative bacteria provoke transient enteritis or colitis by inducing 

attaching and effacing lesions on the intestinal epithelium. 

Caspase recruitment domain family member 9 (CARD9) is an inflammatory bowel disease 

(IBD) susceptibility gene encoding an adaptor protein that integrates signals downstream of 

several pattern recognition receptors (PRRs).7 In a previous study, we showed that Card9–/– 

mice are more susceptible to C. rodentium infection.8 Moreover, we recently demonstrated 

that the bacterial and fungal microbiota of Card9–/– mice exhibit an impaired functional 

ability to catabolize tryptophan into aryl hydrocarbon receptor (AhR) ligands, leading to 

decreased IL-22 production by immune cells.9 

The aim of the current study was to evaluate the microbiota-dependent and microbiota-

independent roles of CARD9 in C. rodentium infection susceptibility. Here, we demonstrated 

that Card9 is required for the C. rodentium-specific IgG response in a microbiota-independent 

manner and for shaping an intestinal microbiota able to compete with C. rodentium for 

nutrients. The microbiota of Card9–/– mice preferentially consumed polysaccharides and 
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failed to outcompete the monosaccharide-consuming C. rodentium. These mechanisms, 

associated with early defects in the IL-22 response, promoted a more severe infection, 

particularly in the early phase. This phenotype could be overridden by a diet containing 

polysaccharides (PSs) as the sole hydrocarbon source. The PS diet suppressed the ecological 

advantage of C. rodentium in the context of a low abundance of commensal competitors for 

monosaccharides (MSs) and counteracted the defective pathogen-specific antibody response 

observed in Card9–/– mice. These results showed that the interplay between diet and IBD-

predisposing genes can strongly influence resistance to intestinal infections by modifying the 

immune response and the microbiota composition. 

 

RESULTS 

Intestinal pathogen-specific IgG response is altered in Card9–/– mice.  

To evaluate the role of CARD9 in the response to C. rodentium infection, WT and Card9–/– 

mice were challenged with the C. rodentium strain DBS100 or a C. rodentium strain 

expressing luciferase. In accordance with previous work,8 we observed higher susceptibility in 

Card9–/– mice compared to WT mice, with an increased C. rodentium fecal load (figure 1A) 

associated with a higher weight loss (figure 1B) and enhanced intestinal inflammation (figure 

1C). Additionally, to evaluate the infection severity in vivo, we used a C. rodentium strain 

expressing luciferase and performed real-time whole body imaging. Four and 12 days after 

oral infection with C. rodentium, the bacterial load was higher in Card9–/– mice than in WT 

mice (see online supplementary figure S1A, B). We also observed increased levels of C. 

rodentium in the feces and cecum of Card9–/– mice at day 4 compared to WT mice (see online 

supplementary figure S1C-F). In a recent study, Kamada et al. showed that a specific antibody 

response targeting the Locus for Enterocyte Effacement (LEE) is required for selective 

elimination of virulent pathogens, while avirulent C. rodentium outcompeted by the 
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commensal microbiota were eradicated.10 B cells from colon lamina propria, which are 

involved in intestinal Ig production were explored at baseline, but no differences were 

observed between WT and Card9–/– mice (see online supplementary figure S2). However, the 

specific intestinal IgG response against C. rodentium was impaired at day 12 post infection in 

Card9–/– mice compared to WT mice (figure 1D). This finding was associated with increased 

expression of the (LEE)-encoded-regulator (ler) gene in the feces of Card9–/– mice (figure 

1E), which is a transcriptional activator of LEE virulence genes.11 Overall, these data showed 

that the higher susceptibility of Card9–/– mice in the late phase of C. rodentium infection is at 

least partly mediated by defective intestinal humoral immunity and defective control of 

pathogen virulence. 

 

Card9 controls pathogen virulence and the specific humoral response independently of 

the gut microbiota 

To determine whether CARD9 controls C. rodentium infection in a gut microbiota-

independent manner, germ-free (GF) WT and GF Card9–/– mice were challenged with C. 

rodentium. As previously reported,12 GF WT mice cannot eradicate C. rodentium, and neither 

weight loss nor mortality was observed despite a high and persistent intestinal pathogen 

burden (figure 2A). The same results were observed in GF Card9–/– mice, with no difference 

in colonization between the two genetic backgrounds (figure 2A, see online supplementary 

figure S3). However, a significantly increased level of lipocalin 2 (Lcn2) and greater 

histopathological alterations indicated enhanced intestinal inflammation in GF Card9–/– mice 

compared to GF WT mice (figure 2B-D). Moreover, in GF Card9–/– mice, the specific 

intestinal IgG response against C. rodentium was impaired compared to GF WT mice (figure 

2E). Accordingly, the expression of ler in C. rodentium was higher in the feces of GF Card9–

/– mice compared to GF WT mice in the early and late phases of infection (figure 2F). Rag2–/– 
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and Rag2–/–Card9–/– mice exhibited a similar susceptibility to C. rodentium, supporting the 

idea that a defective humoral response is a key factor in the higher susceptibility of Card9–/– 

mice (see online supplementary figure S4). Collectively, these experiments showed that 

Card9–/– mice exhibit a defective intestinal humoral immunity response, leading to impaired 

elimination of virulent C. rodentium (ler+) and intestinal inflammation. 

 

Card9-/- microbiota induces an IL22 defect at baseline but not during C. rodentium 

infection. 

The gut microbiota is essential for the clearance of C. rodentium (figure 2A).3 12 Moreover, 

we recently showed that the microbiota of Card9–/– mice contributes to the susceptibility of 

the mice to dextran sodium sulfate (DSS)-induced colitis by altering the IL-22 signaling 

pathway via impaired tryptophan metabolism, leading to defective AhR activation.9 

Therefore, we hypothesized that the higher susceptibility of Card9–/– mice to C. rodentium 

could also be related to the Card9–/– microbiota. To explore this hypothesis, we colonized GF 

WT mice with the microbiota of WT (WTàGF) or Card9–/– (Card9–/–àGF) mice and 

challenged them with C. rodentium (see online supplementary figure S5). The cumulative 

bacterial loads (area under the curve) during the 3 weeks of infection were comparable in both 

groups (see online supplementary figure S6). However, Card9–/–àGF mice were more 

susceptible than WTàGF mice to C. rodentium, with a higher fecal load of C. rodentium in 

Card9–/–àGF mice in the early phase of infection until day 4 (figure 3A). A significantly 

increased level of Lcn2 and greater histopathological alterations indicated enhanced intestinal 

inflammation in infected Card9–/–àGF mice (figure 3B-D). The strongest site of infection in 

both WT and Card9–/– mice was the cecum (see online supplementary figure S1D-F), as 

previously observed.13 Therefore, to examine the mechanisms responsible for this defect, we 

compared the cecum transcriptomes of WTàGF and Card9–/–àGF mice before and during 
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C. rodentium-induced colitis. The number of down-regulated and up-regulated genes on day 

12 after infection was lower in Card9–/–àGF mice than in WTàGF mice (see online 

supplementary figure S7). Card9–/–àGF mice exhibited a significant down-regulation of 

genes involved in gut morphogenesis and wound healing pathways (see online supplementary 

figure S7A), suggesting that recovery is impaired in Card9–/–àGF mice after C. rodentium 

infection. Immune response and cell division pathways were up-regulated in WTàGF mice 

but not in Card9–/–àGF mice, confirming the presence of a defective global response to 

infection when only the Card9–/– microbiota was transferred (see online supplementary figure 

S7B). The most induced and differentially expressed genes between Card9–/–àGF and 

WTàGF mice on day 4 after C. rodentium infection were the Reg3g (encoding REGIIIγ) and 

Reg3b (encoding REGIIIβ) genes (figure 3E, see online supplementary figure S8). The IL-22 

defect previously reported in the colons of Card9–/–àGF mice9 was confirmed by real-time 

quantitative PCR (qPCR) in the cecum and at the protein level in the mesenteric lymph nodes 

(MLNs) at baseline (figure 3F, G). This defect might play a role in the higher susceptibility of 

Card9–/–àGF mice to C. rodentium infection, but it is probably minor, as IL-22 expression 

and production as well as IL17A, Reg3b and Reg3g expression levels were normal or even 

higher than in WTàGF mice at day 4 and later during the infection. To determine whether 

the Card9–/– microbiota regulates LEE expression, we assessed the expression of ler in the 

feces of mice. A slight increase in the expression of ler was observed in Card9–/–àGF mice at 

day 2 post-infection but not later during the infection (figure 3H). As expected, a comparable 

IgG response to the pathogen was observed between WTàGF and Card9–/–àGF mice (see 

online supplementary figure S9). These results indicated that a defective IgG response in 

Card9–/–àGF mice cannot explain their higher susceptibility to C. rodentium in the early 

phase of infection. Although other parameters might be involved, these results suggest a 

potential ecological effect. 
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Card9–/– microbiota exhibits decreased resilience upon C. rodentium infection. 

We next explored the composition of the microbiota at baseline and during the infection. A 

principal component analysis revealed major differences between the microbiota of WTàGF 

and Card9–/–àGF mice throughout the experiment (figure 4A). The shift in microbiota 

composition during colitis followed a similar pattern in WTàGF and Card9–/–àGF mice, but 

unlike WTàGF mice, the microbiota of Card9–/–àGF mice did not return to its initial state 

at day 22 post infection (figure 4A-C). Alpha diversity measurements (Shannon index) also 

supported the observation of decreased resilience of the bacterial microbiota in Card9–/–àGF 

mice (figure 4D). Indeed, no difference in alpha diversity was observed during the infection in 

WTàGF mice, whereas the diversity decreased between day 0 and day 22 in Card9–/–àGF 

mice (figure 4D). Moreover, after pathogen clearance (day 22), the diversity was significantly 

lower in Card9–/–àGF mice compared to WTàGF mice (figure 4D). Using the linear 

discriminant analysis (LDA) effect size (LEfSe) pipeline,14 we observed several differences in 

the baseline fecal bacterial microbiota composition between Card9–/–àGF mice and 

WTàGF mice, including increases in Ruminococcus genera in the Card9–/–àGF mice 

(figure 4E, see online supplementary figure S10). To gain insight into the potential functional 

differences between the Card9–/–àGF and WTàGF microbiota, we inferred metagenomes 

using the Picrust algorithm.15 This analysis revealed several potential differences, most 

notably in hydrocarbon metabolism (see online supplementary figure S11). Indeed, functions 

related to monosaccharide (MS) use, such as fructose and mannose metabolism or galactose 

metabolism, were enriched in the WTàGF microbiota, whereas functions related to 

polysaccharide (PS) use, such as pyruvate and butanoate metabolism, were enriched in the 

Card9–/–àGF microbiota (figure 4F, see online supplementary figure S11). Moreover, using 

16S rDNA sequencing we recently demonstrated that the baseline bacterial microbiota of 
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Card9–/– mice was different than WT mice9 and inferred metagenomes using the Picrust 

algorithm confirm that functions related to PS use could be enriched in Card9–/– microbiota 

(see online supplementary figure S12). Overall, these data demonstrate that the Card9–/– 

microbiota exhibits decreased resilience upon C. rodentium infection and suggest also that 

Card9–/– microbiota could have an imbalanced hydrocarbon metabolism favoring PS over 

MS.  

 

Card9–/– microbiota fails to outcompete the monosaccharide-consuming C. rodentium. 

As C. rodentium preferentially uses MSs,12 we hypothesized that the higher susceptibility of 

Card9–/–àGF mice could be related to the imbalance in the sugar metabolism of the gut 

microbiota toward PSs use, leading to a weaker competition for carbohydrate substrates with 

the pathogen. To test this hypothesis, WT and Card9–/– mice were fed a simple sugar diet 

containing either only MSs or only PSs as the sole hydrocarbon source and then challenged 

with C. rodentium. After 1 week of dietary intervention with either an MSs or PS diet, the gut 

microbiota composition was analyzed in WT and Card9–/– mice. Although the principal 

component analysis revealed microbiota differences between WT and Card9–/– mice, the diet 

effect seemed to dominate the host genotype in shaping the microbiota (figure 5A, see online 

supplementary figure S13). Interestingly, the diet effect was stronger in Card9–/– mice than in 

WT mice. Accordingly, no significant difference in alpha diversity (Shannon index) was 

observed between WT and Card9–/– mice regardless of the diet, whereas the diversity 

decreased in Card9–/– mice fed with PSs compared to Card9–/– mice fed with MSs (figure 

5B). Using the LEfSe pipeline, we observed several diet-induced differences in the microbiota 

composition of WT and Card9–/– mice. Here again, the diet effect was stronger in Card9–/– 

mice, with a higher number of taxa differentially represented between mice fed an MS diet 

and those fed a PS diet, than in WT mice. One common diet-induced effect was that the PS 
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diet decreased the amount of Proteobacteria in both WT and Card9–/– mice (figure 5C). These 

results showed that favoring PSs intake over MSs has a detrimental effect on the intestinal 

colonization by Proteobacteria and suggested a potential positive effect in the context of 

infection with a Proteobacteria member such as C. rodentium. The MS diet increased the 

severity of C. rodentium infection in Card9–/– mice, with higher C. rodentium fecal load and 

weight loss, whereas the PS diet reversed the genetic susceptibility, resulting in a similar 

infection severity in Card9–/– and WT mice (figure 6A). Correspondingly, an increased level 

of Lcn2 and greater histopathological alterations indicated enhanced inflammation in Card9–/– 

mice fed the MS diet. In contrast, the PS diet decreased the infection severity in both WT and 

Card9–/– mice (figure 6B-D). As short chain fatty acids (SCFAs) are major microbial 

metabolites of polysaccharides16 17 and support C. rodentium-specific antibody responses,18 

we hypothesized that the beneficial effect of the PS diet on the susceptibility of Card9–/– mice 

to C. rodentium (figure 4A) could be partly related to the increased production of intestinal 

IgG. We showed that the specific intestinal IgG response against C. rodentium was increased 

at day 12 in Card9–/– mice fed the PS diet compared to Card9–/– mice fed the MS diet (figure 

6E). Interestingly, the specific intestinal humoral response was also defective at day 12 in WT 

mice fed the MS diet compared to WT mice fed the PS diet (figure 6E), suggesting that PSs 

are necessary for the basal production of C. rodentium-specific intestinal Igs. Consequently, 

the ler expression in feces was higher in Card9–/– mice fed MSs compared to Card9–/– and 

WT mice fed PSs at days 2 and 10 (figure 6F). Overall, these results show that Card9 deletion 

shapes the microbiota, inducing a preferential use of PSs and leading to a lower competition 

for nutrients with C. rodentium. Moreover, a diet with PSs as the sole hydrocarbon source can 

override the genetic susceptibility of Card9–/– mice to intestinal pathogens by promoting a C. 

rodentium-specific antibody response, which leads to the elimination of virulent C. 

rodentium. 
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DISCUSSION  

The gut microbiota is a key player in mammalian physiology and participates in the protection 

against intestinal pathogens. Several mechanisms are involved in this protection, including 

induction of host immune responses and competition for ecological niches and nutrients.2 3 

For instance, the transfer of the C57BL/6 microbiota is sufficient to overcome the inherent 

genetic susceptibility of C3H/HeOuJ mice to C. rodentium infection.19 Here, we showed that 

Card9 plays a key role in the response to C. rodentium infection through mechanisms that are 

both gut microbiota dependent and independent (figure 7). Using germ-free mice and 

microbiota transplantation experiments, we demonstrated that the interplay between diet and 

Card9 expression regulates the virulence of C. rodentium to promote pathogen eradication 

and host survival.  

C. rodentium-specific IgG antibodies are essential for pathogen clearance and host survival.10 

20 21 In the current study, we observed an impaired C. rodentium-specific IgG response in GF 

Card9–/– and Card9–/– mice during C. rodentium infection, suggesting that Card9 controls the 

virulence of C. rodentium by supporting the specific humoral response independent of the gut 

microbiota.  

GF animals are unable to eradicate pathogens, and the gut microbiota is essential for the 

clearance of C. rodentium.3 12 Moreover, our previously published results demonstrated that 

the microbiota of Card9–/– mice is altered, with an impaired ability to catabolize tryptophan 

into AhR ligands, leading to decreased IL-22 production.9 Here, we showed that transfer of 

the microbiota from Card9–/– mice to WT GF recipients was sufficient to recapitulate the 

increased susceptibility to C. rodentium observed in Card9–/– mice. IL-22 regulates mucosal 

wound healing,22 is implicated in intestinal homeostasis,23 triggers the secretion of 

antimicrobial proteins REGIIIγ and REGIIIβ by the intestinal epithelium24 25 and is required 
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for protection against C. rodentium infection.26 27 In the current study, we confirmed the 

baseline IL-22 defect in Card9–/–àGF mice and, conversely, observed that the Il22, Reg3b 

and Reg3g expression levels were normal or higher compared to WTàGF mice during the 

infection. These two observations suggested that the baseline IL-22 defect contributes only 

marginally to the higher susceptibility of Card9–/–àGF mice to C. rodentium. 

Of equal importance, we noted an important ecological effect in the susceptibility of Card9–/– 

mice to C. rodentium. Indeed, several studies have shown that transfer of the microbiota of 

resistant mice to susceptible mice results in the transfer of host resistance to C. rodentium 

infection.19 28 29 Resistance to C. rodentium infection has been previously associated with a 

decrease in Firmicutes and Porphyromonadaceae28 and an increase in Bacteroidetes, 

Lachnospiraceae, Bacteroidaceae and an unclassified family of Clostridiales.19 28 We observed 

increased levels of Firmicutes and decreased levels of the Clostridiaceae family in the 

baseline fecal bacterial microbiota composition in susceptible Card9–/–àGF mice compared 

to resistant WTàGF mice. As these data were generated in different mice strains, they 

suggest a common ecological effect in the resistance to intestinal pathogens.  

We further analyzed the microbiota metabolism and observed that the Card9–/– microbiota 

exhibits a deregulated hydrocarbon metabolism, favoring PSs over MSs, which leads to a 

lower competition for MSs and thus favors C. rodentium colonization. Previous studies have 

shown that E. coli competes with C. rodentium for available MSs and helps the host to clear 

the pathogen.12 In accordance, the MS diet increased the severity of C. rodentium infection in 

Card9–/– mice, whereas the PS diet rescued the phenotype, showing that the PS diet can 

override the susceptibility of Card9–/– mice to C. rodentium. The PS diet induced a decrease in 

Proteobacteria in WT and Card9–/– mice, suggesting that dietary intervention can help 

protecting against intestinal infections in a genotype-independent manner by shaping the 

microbiota. C. rodentium is a Proteobacteria, which preferentially use MSs as a hydrocarbon 
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source,12 suggesting that the PS diet was also involved in resistance to infection by decreasing 

the MSs availability for Proteobacteria such as C. rodentium. Moreover, SCFAs produced by 

the gut microbiota as fermentation products of PSs support the host antibody response.18 In 

accordance, the PS diet promoted the C. rodentium-specific antibody response, which led to 

the elimination of virulent C. rodentium in Card9–/– mice, showing that the PS diet also 

contributed to the elimination of the pathogen by promoting humoral immunity. 

Collectively, our study demonstrates that the IBD-predisposing gene CARD9 plays a key role 

in controlling pathogen virulence and in shaping a balanced gut microbiota to eradicate 

luminal pathogens. Moreover, an appropriate diet can override genetic susceptibility to 

intestinal pathogens by shaping the microbiota and promoting humoral immunity. Indeed, 

dietary intervention supporting the host antibody response and depriving pathogens of a food 

source or promoting bacteria that compete with pathogens for the food source could be an 

interesting preventive or curative strategy in patients with intestinal infection or with an 

intestinal disease involving Proteobacteria outgrowth, such as IBD.15 

 

MATERIALS AND METHODS 

Animals 

Card9-deficient mice (Card9–/–)30 and Rag2-deficient mice (Rag2–/–), both in the C57BL/6J 

background, were crossed to generate Rag2–/–/Card9–/– mice. All animals were housed under 

specific pathogen-free conditions at the Saint-Antoine Research Center. At weaning, the mice 

were separated according to genotype. Germ-free Card9–/– and C57BL/6J mice were bred in 

germ-free isolators at the CDTA (Transgénèse et Archivage d’Animaux Modèles, CNRS, 

UPS44, Orléans, France). Conventional mice were fed a standard chow diet (R03, SAFE), and 

germ-free mice were fed a diet without yeast (R04, SAFE). All conventional WT, Card9–/–, 

Rag2–/– and Rag2–/–Card9–/– mice used in this study were 8 weeks old. The animal 
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experiments were performed according to the institutional guidelines approved by the local 

ethics committee of the French authorities. 

 

Gut microbiota transfer 

Fresh stool samples preparation and gut microbiota transfer were performed as previously 

described 9 (see online supplementary data). 

 

Citrobacter rodentium infection 

The Citrobacter rodentium strain DBS100 (ATCC 51459; American Type Culture Collection) 

was used for all inoculations with the exception of the bioluminescence experiments. The 

nalidixic acid-resistant and bioluminescent C. rodentium strain ICC180 was a gift from Dr. 

Casey T. Weaver (Department of Pathology, University of Alabama at Birmingham) and was 

used for the bioluminescence imaging experiments. The bacteria were grown overnight at 

37°C in Luria broth supplemented or not with nalidixic acid (50 µg/ml) as appropriate. The 

mice were inoculated with C. rodentium as previously described.8 The mice were infected by 

oral gavage with 0.5 ml of phosphate-buffered saline (PBS) containing approximately 1x109 

CFU of C. rodentium. To assess the clearance of C. rodentium, fecal pellets were collected 

from individual mice, homogenized in PBS, serially diluted, and plated onto selective 

MacConkey agar. After an overnight incubation at 37°C, colonies were counted based on the 

size and distinctive appearance of C. rodentium colonies as described previously.8 

 

Custom rodent diet experiment 

WT and Card9–/– mice were fed either a standard diet (TD. 120455, Envigo) or a customized 

version of Envigo TD. 120455 in which the polysaccharide and disaccharide sugars 

(cellulose, resistant starch, maltodextrin and sucrose) were replaced with monosaccharides 
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sugars (fructose and glucose) (MS diet) or, conversely, the monosaccharide sugars were 

replaced with polysaccharide sugars (PS diet) (7 mice per group divided in 2 cages of 4 and 3 

mice). One week after the beginning of the diets, the mice were infected orally with the 

DBS100 strain of C. rodentium.  

 
Statistical analysis 
 
GraphPad Prism version 6.0 was used for all analysis and preparation of graphs. For all data 

displayed in graphs, the results are expressed as the mean ± s.e.m. For comparisons between 

two groups, a 2-tailed Student’s t test for unpaired data or the nonparametric Mann–Whitney 

test was used. For comparisons between more than two groups, a one-way analysis of 

variance (ANOVA) and post hoc Bonferroni test, or the nonparametric Kruskal-Wallis test 

followed by a post hoc Dunn’s test were used. The Kolmogorov-Smirnov test of normality 

was applied to all data sets, and in cases where the data did not demonstrate a normal 

distribution, nonparametric tests were used to analyze significant differences. An F or 

Bartlett’s test was performed to determine differences in variances between groups for t tests 

and ANOVAs, respectively. An unpaired t test with Welch’s correction was applied when 

variances were not equal. Survival between groups of mice was compared using a log rank 

(Mantel-Cox) test. Differences corresponding to P < 0.05 were considered significant. 
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Figure Legends 

Figure 1 CARD9 is involved in the control of C. rodentium virulence. (A) C. rodentium 

count in feces (left) and area under the curve (AUC) (right) based in C. rodentium count in 

feces of WT and Card9–/– mice (n=6) infected orally with 1 x 109 CFU of the DBS100 strain 

of C. rodentium. (B) Weight of WT and Card9–/– mice (n=6) infected with C. rodentium. (C) 

Lipocalin levels in the feces of WT and Card9–/– mice (n=6) infected with C. rodentium. (D) 

Concentration of C. rodentium-specific IgG in the feces of WT and Card9–/– mice (n=6) 

infected with C. rodentium. (E) Expression of ler in the feces of WT and Card9–/– mice (n=6) 

infected with C. rodentium. The results show ler expression normalized to the expression of 

16S rDNA genes. The data are expressed as the mean ± SEM. *p < 0.05; **p < 0.01 by the 

Student’s t test (A, B, D and E) or by Mann-Whitney U test (C). 

 

Figure 2 GF Card9–/– mice exhibit impaired control of phenotypically virulent C. 

rodentium through a defective humoral response. (A) Bacterial burden in the fecal pellets 

of GF WT and GF Card9–/– mice (n=6) infected with C. rodentium. (B) Lipocalin levels in the 

feces of GF WT and GF Card9–/– mice (n=6) infected with C. rodentium. (C and D) 

Representative images of H&E-stained colons at post-infection day 4 (C) and the histological 

scores (D) of GF WT and GF Card9–/– mice (n=6) infected with C. rodentium. Scale bars 

represent 200 µm. (E) Production of C. rodentium-specific IgG in the feces of GF WT and GF 

Card9–/– mice (n=6) during the infection. (F) Expression of ler in the feces of GF WT and GF 

Card9–/– mice (n=6) infected with C. rodentium. The results show ler expression (1/Ct) 

normalized by the CFU of C. rodentium in the same samples. The data are expressed as the 

mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 by the Mann-Whitney U test (B, D and E) 

or by the Student’s t test (F). 
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Figure 3 Transfer of the microbiota of Card9–/– mice is sufficient to increase 

susceptibility to C. rodentium-induced colitis. (A) Germ-free WT mice colonized with the 

microbiota of WT (WTàGF) or Card9–/– (Card9–/–àGF) mice (n=10) were infected orally 

with 1 x 109 CFU of C. rodentium, and the pathogen load was assessed by CFU counts in 

fecal samples. (B) Lipocalin levels in the feces of WTàGF and Card9–/–àGF mice (n=10) 

infected with C. rodentium. (C and D) Representative images of H&E-stained colons at post-

infection day 12 (C) and the histological scores (D) of WTàGF and Card9–/–àGF mice 

(n=10) infected with C. rodentium. Scale bars represent 200 µm. (E) Comparative expression 

of genes in the cecum by microarray analysis (log2-transformed (fold change compared to day 

0 expression levels)) on day 4 after infection of WTàGF and Card9–/–àGF mice (n=5) with 

C. rodentium. (F) Il22, Reg3g, Reg3b and Il17a transcript expression in the cecum before (day 

0, n=5) and after (day 4, day 12 and day 22, n=5) infection of WTàGF and Card9–/–àGF 

mice with C. rodentium. (G) Amounts of IL-22 secreted by MLN cells from WTàGF and 

Card9–/–àGF mice (n=5) infected with C. rodentium. (H) Expression of ler in the feces of 

WTàGF and Card9–/–àGF mice (n=10) infected with C. rodentium. The results show ler 

expression normalized to the expression of 16S rDNA genes. The data are expressed as the 

mean ± SEM. The results are representative of at least two experiments (A, B and D). *p < 

0.05; **p < 0.01; ***p < 0.001 by the Student’s t test (A, B, D, F and G) or the Mann-

Whitney U test (H). 

 

Figure 4 The bacterial microbiota of Card9–/– mice is altered and could preferentially 

uses polysaccharides over monosaccharides. (A) Principal component analysis based on the 

bacterial 16S rDNA gene sequence abundance in fecal content from WTàGF and Card9–/–

àGF mice (n=5) infected with C. rodentium. The axes correspond to principal components 1 

(x-axis), 2 (y-axis) and 3 (z-axis). P value calculated by ANOSIM (9999 permutations) (B) 
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Pairwise Beta diversity distance in the fecal samples of WTàGF and Card9–/–àGF mice 

(n=5) infected with C. rodentium. *p < 0.05; ***p < 0.001 by ANOVA with a post hoc 

Bonferroni test. (C) Bacterial-taxon-based analysis at the phylum level in the feces from 

WTàGF and Card9–/–àGF mice (n=5) infected with C. rodentium. (D) Bacterial diversity 

based on the Shannon index in the fecal samples from WTàGF and Card9–/–àGF mice 

(n=5) infected with C. rodentium. The dots represent individual mice, and the horizontal line 

indicates the mean. **p < 0.01; ns, not significant by the Student’s t test. (E) Bacterial taxa 

differentially enriched in WTàGF and Card9–/–àGF mice (n=5) before infection (day 0) 

(generated using the LEfSe pipeline). The heat map shows the relative abundance of taxa. 

Only significant differences with linear differential analysis (LDA) scores > 2 are shown. (F) 

Sugar metabolism pathways differentially enriched in WTàGF and Card9–/–àGF mice 

(n=5) before infection (day 0) (inferred metagenomics using Picrust software).   

 

Figure 5 Effects of the MSs and PS diets on the gut microbiota of WT and Card9–/– mice. 

(A) Principal component analysis based on the bacterial 16S rDNA gene sequence abundance 

in fecal content from WT and Card9–/– mice (n=7) before infection. The mice were fed either 

a monosaccharide (MS) or polysaccharide (PS) diet for 1 week. The axes correspond to 

principal components 1 (x-axis), 2 (y-axis) and 3 (z-axis), **p < 0.01; ***p < 0.001 

(ANOSIM, 9999 permutations). (B) Bacterial diversity based on the Shannon index in the 

fecal samples from WT and Card9–/– mice (n=7) fed the MS or PS diet. The dots represent 

individual mice, and the horizontal line indicates the mean. The data are expressed as the 

mean ± SEM. ***p <0.001 by ANOVA with a post hoc Bonferroni test. (C) Differences in 

abundance are shown for the bacterial taxa in WT and Card9–/– mice (n=7) fed the PS diet 

(generated using the LEfSe pipeline).  
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Figure 6 Polysaccharide diet overrides the susceptibility of Card9–/– mice to C. 

rodentium. (A) C. rodentium count in feces (left) and weight (right) of WT and Card9–/– mice 

(n=6). The mice were fed either a monosaccharide (MS) or polysaccharide (PS) diet, and 1 

week after the beginning of the diets, the mice were infected orally with 1 x 109 CFU of C. 

rodentium. For statistical comparisons, § indicates WT MSs versus Card9–/– MSs; * indicates 

Card9–/– MSs versus Card9–/– PSs. (B) Lipocalin levels in the feces of WT and Card9–/– mice 

(n=6) fed either the MS or PS diet and infected with C. rodentium. For statistical 

comparisons, § indicates WT MSs versus Card9–/– MSs; * indicates Card9–/– MSs versus 

Card9–/– PSs; † indicates WT MSs versus WT PSs. (C and D) Representative images of H&E-

stained colons at post-infection day 22 (C) and histological scores (D) of WT and Card9–/– 

mice (n=6) that were fed either the MS or PS diet and infected with C. rodentium. Scale bars 

represent 200 µm. (E) Production of C. rodentium-specific IgG in the feces of WT and 

Card9–/– mice (n=6) that were fed either the MS or PS diet and infected with C. rodentium. 

For statistical comparisons, * indicates Card9–/– MSs versus Card9–/– PSs; † indicates WT 

MSs versus WT PSs. (F) Expression of ler in the feces of WT and Card9–/– mice (n=6) that 

were fed either the MS or PS diet and infected with C. rodentium. The results show ler 

expression normalized to the expression of 16S rDNA genes. The data are expressed as the 

mean ± SEM. *p < 0.05; §p < 0.05; †p < 0.05; **p < 0.01; §§p < 0.01; ***p < 0.001 by the 

Student’s t test (E) or by ANOVA with a post hoc Bonferroni test (A, B, D and F). 

 

Figure 7 Proposed model illustrating the gut microbiota-dependent and -independent 

role of CARD9 in the response to C. rodentium infection. CARD9 controls pathogen 

virulence in a microbiota-independent manner by supporting a specific humoral response and 

shapes also the microbiota inducing a competition for sugar with pathogens. These 

mechanisms lead to pathogens elimination. 
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SUPPLEMENTARY MATERIAL 

SUPPLEMENTARY METHODS 

In vivo bioluminescence measurement  

Mice were anesthetized and bioluminescence was measured using the IVIS 200 imaging 

system (Xenogen). Living Image software (version 4.0, Caliper Life Sciences) was used to 

measure the luciferase activities. For colon and cecum bioluminescence measurement, mice 

were killed by cervical dislocation and the colon and the cecum were removed to a sterile 

petri dish. Bioluminescence images were acquired for 1 min with f/stop=1 and binning=4. A 

digital false-colour photon emission of the mouse or the organ was generated, and photons 

were counted within a constant region of interest. Photon emission was measured as radiance 

in photons/s/cm2/sr. For feces bioluminescence, fecal pellets were suspended in PBS at 

30mg/mL, and luminescence emitted from C. rodentium was measured using Infinite M200 

PRO luminometer (TECAN). 

Gut microbiota transfer 

Fresh stool samples from WT or Card9–/– mice (8 weeks old, male) were immediately 

transferred to an anaerobic chamber, in which the stool samples were suspended and diluted 

in LYHBHI medium (BD Difco, Le Pont De Claix, France) supplemented with cellobiose (1 

mg/ml; Sigma-Aldrich, St. Louis, MO, USA), maltose (1 mg/ml; Sigma-Aldrich), and 

cysteine (0.5 mg/ml; Sigma-Aldrich). WT germ-free mice (4-5 weeks old, female) were 

randomly assigned to two groups (4 cages with 5 mice per cage in 2 different isolators) and 

inoculated via oral gavage with 400 µl of a fecal suspension (1:100) from the conventional 

wild-type (WTàGF) or Card9–/– (Card9–/–àGF) mice. One aliquot of each fecal suspension 

was stored at -80°C. All experiments in WTàGF and Card9–/–àGF mice were performed 

three weeks after inoculation. Fresh stools from WTàGF or Card9–/–àGF mice were 



randomly taken in each cage of each isolator before (day 0, n=5) and during C. rodentium-

induced colitis (day 4, 12 and 22, n=5) for microbiota analysis. 

Custom rodent diet experiment 

WT and Card9–/– mice were randomly assigned to two groups (7 mice in each group: 7 mice 

divided in 2 cages of 4 and 3 mice) and fed either MS diet (WT MSs, Card9–/–MSs) or PS diet 

(WT PSs, Card9–/–PSs). 

Quantification of cytokines 

MLNs were sieved through a 70-µm cell strainer (BD) in complete RPMI 1640 medium (10% 

heat-inactivated fetal calf serum, 2 mM L-glutamine, 50 IU/ml penicillin, and 50 µg/ml 

streptomycin; Sigma-Aldrich), and 1 x 106 cells per well were cultured (37°C, 10% CO2) for 

48 h with stimulation by phorbol 12-myristate 13-acetate (PMA, 50 ng/ml; Sigma-Aldrich) 

and ionomycin (1 µM; Sigma-Aldrich). All collected supernatants were frozen at -80°C until 

processing. The quantification of mouse cytokines was performed by ELISA according to the 

manufacturer’s instructions: IL-22 (eBioscience). 

Quantification of fecal lipocalin-2 (Lcn2) 

Frozen fecal samples were reconstituted in PBS and vortexed to get a homogenous fecal 

suspension. These samples were centrifuged for 5 min at 10 000g and 4°C. Supernatants were 

collected and stored at -20°C until analysis. ELISA was performed by using DuoSet® ELISA 

Development Systems for Lcn2 (DY1857) from R&D Systems according to manufacturer’s 

instructions. 

Determination of C. rodentium-specific antibody responses. 

A culture of C. rodentium (OD600=1) was heat killed at 60°C for 1.5 h and frozen at -80°C 

until processing. Corning™ Costar™ 96-Well Half-Area flat bottom plates were coated with 



0.1% poly-L-lysine (Sigma-Aldrich) and dried for 1 h at 60°C. The heat killed C. rodentium 

was added to the 96-well plates and incubated at 4°C overnight. The next day, the heat killed 

C. rodentium was fixed by adding 10% PFA (Sigma-Aldrich) for 30 min. The plates were 

then washed 3 times with PBS containing 0.05% Tween (Sigma-Aldrich) and blocked with 

PBS containing 1% BSA (Sigma-Aldrich), for 1 h. Fecal supernatants were added to the 

plates, and the presence of C. rodentium-specific Igs was detected by alkaline phosphatase-

conjugated polyclonal anti-mouse IgG antibodies (Sigma-Aldrich). The plates were developed 

using p-nitrophenyl phosphate substrate (Mabtech), and the OD405 values were determined. 

Histology 

Colon samples for histological studies were maintained at 4°C in 4% paraformaldehyde and 

then embedded in paraffin. Sections (4 µm thick) were stained with hematoxylin and eosin 

(H&E) and then examined blindly using a BX43 Olympus microscope to determine the 

histological score according to previously described methods with some modifications.[1]In 

brief, the system assessed submucosal edema, epithelial hyperplasia, goblet cell depletion, and 

epithelial integrity. The combined pathological score ranged from 0 to 13 arbitrary units. 

Gene expression analysis using quantitative reverse-transcription PCR (qRT-PCR) 

Total RNA was isolated from cecum samples using an RNeasy Mini Kit (Qiagen) according 

to the manufacturer's instructions. To measure ler expression, total RNA was isolated from 

fecal samples using a High Pure Isolation Kit (Roche) with an improved protocol described 

previously.[2]Quantitative RT-PCR was performed using SuperScript II Reverse 

Transcriptase (Life Technologies) and then a TaqMan Gene Expression Assay (Life 

Technologies) for the quantification of all bacterial sequences or a Takyon SYBR Green PCR 

kit (Eurogentec) for the quantification of all other genes. qRT-PCR was performed using a 

StepOnePlus apparatus (Applied Biosystems) with specific oligonucleotides. The 



oligonucleotides used were as follows: Gapdh, 5′-AACTTTGGCATTGTGGAAGG-3′ and 5′-

ACACATTGGGGGTAGGAACA-3′; Il17A, 5′-TTTAACTCCCTTGGCGCAAAA-3′ and 5′-

CTTTCCCTCCGCATTGACAC-3′; Il22, 5′-CATGCAGGAGGTGGTACCTT-3′ and 5′-

CAGACGCAAGCATTTCTCAG-3′; Reg3g, 5′-TTCCTGTCCTCCATGATCAAAA-3′ and 

5′-CATCCACCTCTGTTGGGTTCA-3′; Reg3b, 5′-ATGCTGCTCTCCTGCCTGATG-3′ and 

5′-CTAATGCGTGCGGAGGGTATATTC-3′; and ler, 5′-

AATATACCTGATGGTGCTCTTG-3′ and 5′-TTCTTCCATTCAATAATGCTTCTT-3′. The 

probes and the primers for the bacterial 16S rDNA genes were described previously.[3]For 

cecal gene expression, we used the 2-ΔΔCt quantification method with mouse Gapdh as an 

endogenous control and the WTàGF group as a calibrator. The qRT-PCR results for ler were 

normalized to the expression of 16S rDNA genes or to the CFU of C. rodentium in the same 

samples, and the WTàGF, WT, WT MSs or GF WT group was used as a calibrator.  

Lamina propria cell isolation and flow cytometry 

Cells from the colon lamina propria were isolated as previously described.[4]The cells were 

stained as previously described. [5] The following antibodies were used for surface staining 

of: CD19 (6D5, eBioscience); CD69 (H1.2F3, Biolegend); CD5 (53-7.3, Biolegend); IgD (11-

26c.2a, Biolegend); IgM (RMM-1, Biolegend); major histocompatibility complex (MHC) II 

(M5/114.15.2, eBioscience). Flow cytometry was carried out by BD-Fortessa. Data were 

analyzed by using FlowJo software. 

 

16S rRNA gene sequencing 

DNA of cecal content was extracted from the weighted cecal content samples of mice before 

and during the infection as previously described.[3]For the bead beating step, we used 0.1-

mm diameter silica beads with 0.6-mm diameter beads. Microbial diversity was determined 

for each sample by targeting a portion of the ribosomal genes. A 16S rRNA gene fragment 



comprising V3 and V4 hypervariable regions (16S; 5′-TACGGRAGGCAGCAG-3′ and 5′-

CTACCNGGGTATCTAAT-3′) was amplified using an optimized and standardized 16S-

amplicon-library preparation protocol (Metabiote, GenoScreen). Briefly, 16S rRNA gene 

PCR was performed using 5 ng genomic DNA according to the manufacturer’s protocol 

(Metabiote) using 192 bar-coded primers (Metabiote MiSeq Primers, GenoScreen) at final 

concentrations of 0.2 µM and an annealing temperature of 50°C for 30 cycles. The PCR 

products were purified using an Agencourt AMPure XP-PCR Purification system (Beckman 

Coulter), quantified according to the manufacturer’s protocol, and multiplexed at equal 

concentrations. Sequencing was performed using a 300-bp paired-end sequencing protocol on 

an Illumina MiSeq platform (Illumina) at GenoScreen. Raw paired-end reads were subjected 

to the following process: (1) quality filtering using the PRINSEQ-lite PERL script[6]by 

truncating the bases from the 3′ end that did not exhibit a quality < 30 based on the Phred 

algorithm; (2) paired-end read assembly using FLASH[7](fast length adjustment of short 

reads to improve genome assemblies) with a minimum overlap of 30 bases and a 97% overlap 

identity; and (3) searching and removing both forward and reverse primer sequences using 

CutAdapt, with no mismatches allowed in the primers sequences. Assembled sequences for 

which perfect forward and reverse primers were not found were eliminated. 

16S rRNA gene sequence analysis  

The sequences were demultiplexed and quality filtered using the Quantitative Insights Into 

Microbial Ecology (QIIME, version 1.8.0) software package,[8]and the forward and reverse 

Illumina reads were joined using the fastq-join method (http://code.google.com/p/ea-utils). 

The sequences were assigned to OTUs using the UCLUST algorithm[9]with a 97% threshold 

of pairwise identity and classified taxonomically using the Greengenes reference 

database.[10]Principal component analysis of the Bray Curtis distance were built and used to 

assess the variation between experimental groups (beta diversity). Significativity was assessed 



using ANOSIM (9999 permutations). The number of observed species and the Shannon 

diversity index were calculated using rarefied data (depth = 19,000 sequences/sample for 

WTàGF and Card9–/–àGF mice and 6,000 sequences/sample for the MS and PS 

experiment) and used to characterize species diversity in a community. The sequencing data 

were deposited in the European Nucleotide Archive under accession number PRJEB18666. 

Gene expression by microarray analysis 

Total RNA was isolated using the protocol described above. RNA integrity was verified using 

a Bioanalyser 2100 with RNA 6000 Nano chips (Agilent Technologies). Transcriptional 

profiling was performed on mouse colon samples using the SurePrint G3 Mouse GE 8x60K 

Microarray kit (Design ID: 028005, Agilent Technologies). Cyanine-3 (Cy3)-labeled cRNAs 

were prepared with 100 ng of total RNA using a One-Color Low Input Quick Amp Labeling 

kit (Agilent Technologies) following the recommended protocol. The specific activities and 

cRNA yields were determined using a NanoDrop ND-1000 (Thermo Fisher Scientific). For 

each sample, 600 ng of Cy3-labeled cRNA (specific activity > 11.0 pmol Cy3/µg of cRNA) 

were fragmented at 60°C for 30 min and hybridized to the microarrays for 17 h at 65°C in a 

rotating hybridization oven (Agilent Technologies). After hybridization, the microarrays were 

washed and then immediately dried. After washing, the slides were scanned using a G2565CA 

Scanner System (Agilent Technologies) at a resolution of 3 µm and a dynamic range of 20 

bits. The resulting TIFF images were analyzed using the Feature Extraction Software 

v10.7.3.1 (Agilent Technologies) according to the GE1_107_Sep09 protocol. The microarray 

data were submitted to GEO under accession number GSE90577. 

Microarray analysis 

Agilent Feature Extraction software was used to convert the scanned signals into tab-

delimited text that could be analyzed using third-party software. The R package agilp was 

used to pre-process the raw data. Box plots and PCAs were used to obtain a general overview 



of the data in terms of the within-array distributions of signals and between-sample 

variability. The Agilent Feature Extraction software computed a P value for each probe in 

each array to test whether the scanned signals were significantly higher than the background 

signal. The null hypothesis was “the measured signal is equal to background signal.” Detected 

probes were considered if the P value was lower than 0.05. The probes must have been 

present in at least 60% of the samples in each group and under at least one condition to be 

considered for analysis. To compare data from multiple arrays, the data were normalized to 

minimize the effect of non-biological differences. Quantile normalization[11]is a method that 

can quickly normalize within a set of samples without using a reference base. After 

normalization, spike-in, positive and negative control probes were removed from the 

normalized data. For the differential expression analysis, we used the limma eBayes 

test,[12]which finds a compromise between the variance estimate for the gene under 

consideration and the average variance of all the genes. The Benjamini-Hochberg correction 

method was used to control the false discovery rate (FDR). All significant gene lists were 

annotated for enriched biological functions and pathways using the DAVID 

platform[13,14]for gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) terms. Significant canonical pathways had adjusted P values, according to 

Benjamini’s method, below 0.05. We used Venn diagrams to globally visualize the overlap 

between all significant genes in the WT and Card9–/– comparisons. Thus, DAVID was used to 

test for the biological pathway enrichment of the Venn elements. 

	

SUPPLEMENTAL FIGURE LEGENDS 

Supplementary figure S1 CARD9 is required for the protection from C. rodentium 

infection. (A)  Whole body imaging of WT and Card9–/– mice infected orally with 1 x 109 

CFU of the luminescent strain of C. rodentium (strain ICC180) and imaged at the indicated 



days post-infection. (B) Graph of luminescence in mice. Luminescence was quantified using 

the region-of-interest tool in the Living Image software (n=6).  (C) Bacterial burden in fecal 

pellets of WT and Card9–/– mice (n=6) infected with luminescent strain of C. rodentium. 

Luminescence of feces diluted in PBS was quantified at the indicated day post-infection.  (D) 

Representative bioluminescence in cecum (left) and colon (right) of WT and Card9–/– mice 

infected with luminescent strain of C. rodentium. Imaging was performed on day 4 and 12 

post-infection. (E and F) Graph of luminescence in cecum (E) and colon (F) (n=6). 

Luminescence was quantified using the region-of-interest tool in the Living Image software. 

Data expressed as mean ± SEM. *p < 0.05; **p<0.01 by Student’s t test. Results are 

representative of six individual mice in each group (A and D). 

 

Supplementary figure S2 Quantification of B cells isolated from colon lamina propria of 

WT and Card9–/– mice at baseline. (A) Representative flow cytometry analysis (left) and 

proportion (right) of B cells (CD19+ MHCII+, among the lymphocyte gate) isolated from 

colon lamina propria of WT and Card9–/– mice at baseline (n=5). (B) Representative flow 

cytometry analysis (left) and proportion (right) of immature (IgM- IgD-), transitional (IgM+ 

IgD-) and early (IgM+ IgD+) and late mature (IgM- IgD+) cells among B lymphocytes isolated 

from colon lamina propria of WT and Card9–/– mice at baseline (n=5). (C) Representative 

flow cytometry analysis (left) and proportion (right) of activated B cells (CD69+) isolated 

from colon lamina propria of WT and Card9–/– mice at baseline (n=5). Numbers in quadrants 

represent percent cells in each. Data expressed as mean ± SEM. 

 

Supplementary figure S3 Area under the curve of bacterial count in feces of GF WT and 

GF Card9–/– mice infected with C. rodentium. Area under the curve (AUC) based in C. 



rodentium count in feces of GF WT and GF Card9–/– mice (n=6) infected orally with 1 x 109 

CFU of C. rodentium. Data expressed as mean ± SEM. 

 

Supplementary figure S4 Rag2-/- and Rag2-/-Card9-/- mice are equally susceptible to C. 

rodentium infection. WT, Card9–/–, Rag2–/–, and Rag2–/–Card9–/– mice (n=5) were infected 

orally with 1 x 109 CFU of C. rodentium, and C. rodentium count in feces (up) and mouse 

survival (down) were determined. † denotes bacterial loads could not be determined beyond 

this time due to mouse lethality. Data expressed as mean ± SEM.	**p < 0.01 by log rank test. 

 

Supplementary figure S5 Experimental design of WTàGF and Card9–/–àGF mice 

infection with C. rodentium. WT germ-free mice were inoculated with fecal suspension from 

the conventional wild-type (WTàGF) or Card9–/– (Card9–/–àGF) mice. Three weeks after 

inoculation WTàGF and Card9–/–àGF mice were infected by C. rodentium. The mice were 

sacrificed before (day 0) and 4, 12 and 22 days after infection. 

 

Supplementary figure S6 Area under the curve of bacterial count in feces of WTàGF 

and Card9–/–àGF mice infected with C. rodentium. Area under the curve (AUC) based in 

C. rodentium count in feces of WTàGF and Card9–/–àGF mice (n=10) infected orally with 

1 x 109 CFU of C. rodentium. Data expressed as mean ± SEM. 

 

Supplementary figure S7 The microbiota of Card9–/– mice induces a dysregulated host 

transcriptomic response. (A and B) Microarray analysis of cecum tissue from WTàGF and 

Card9–/–àGF mice (n=5) infected with C. rodentium. The Venn diagram represents the 

number of genes significantly downregulated (A) or upregulated (B) between day 0 and day 

12 (Benjamini Hochberg P < 0.05). Histograms represent KEGG pathways. 



 

Supplementary figure S8 Cecum expression in WTàGF and Card9–/–àGF mice using 

microarray technology. Gene expression in cecum of WTàGF and Card9–/–àGF mice was 

analyzed by principal component analysis before (day 0) and after (day 4, day 12 and day 22) 

infection with C. rodentium. The ellipses delimit WTàGF group (FWT in red) and Card9–/–

àGF group (FKO in black). The axes correspond to principal component 1 (x axis) and 2 (y 

axis). 

 

Supplementary figure S9 C. rodentium-specific IgG quantification in feces of WTàGF 

and Card9–/–àGF mice during C. rodentium infection. Concentration of C. rodentium-

specific IgG in the feces of WTàGF and Card9–/–àGF mice (n=10) infected with C. 

rodentium. Data expressed as mean ± SEM.	*p < 0.05 by Mann-Whitney U test. 

 

Supplementary figure S10 Bacterial taxa differentially enriched in WTàGF and Card9–

/–àGF mice before and during infection of C. rodentium. Differentially enriched bacterial 

phylotypes (using LEfSe pipeline) between WTàGF and Card9–/–àGF mice (n=5) before 

and after C. rodentium infection. The heat map shows the relative abundance of OTUs.  

 

Supplementary figure S11 Predicted bacterial metabolism differentially enriched in 

WTàGF and Card9–/–àGF mice. Bacterial metabolism pathways differentially enriched in 

WTàGF and Card9–/–àGF mice (n=5) before infection (inferred metagenomics using 

Picrust software). 

 

Supplementary figure S12 Predicted sugar metabolism differentially enriched in WT 

and Card9–/– mice. Inferred metagenomics using Picrust software based on the bacterial 16S 



rDNA gene sequence abundance in fecal content from WT and Card9–/– mice at baseline. The 

heat map shows the sugar metabolism differentially enriched in WT and Card9–/– mice before 

infection (D0). 

 

Supplementary figure S13 MSs and PSs diet shape the microbiota in WT and Card9–/– 

mice.  (A) Bacterial-taxon-based analysis at the phylum (left) and the family (right) level in 

the feces from WT and Card9–/– mice (n=7) before infection. Mice were fed either a 

monosaccharides (MSs) or a polysaccharides (PSs) diet during 1 week. (B) Differences in 

abundance are shown for the bacterial taxa in WT and Card9–/– mice (n=7) fed with MSs or 

PSs diet (generated using LEfSe pipeline).  
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