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Abstract 

Background  The etiology of inflammatory bowel disease (IBD) is unclear but involves both genetics and environ‑
mental factors, including the gut microbiota. Indeed, exacerbated activation of the gastrointestinal immune system 
toward the gut microbiota occurs in genetically susceptible hosts and under the influence of the environment. 
For instance, a majority of IBD susceptibility loci lie within genes involved in immune responses, such as caspase 
recruitment domain member 9 (Card9). However, the relative impacts of genotype versus microbiota on colitis sus‑
ceptibility in the context of CARD9 deficiency remain unknown.

Results  Card9 gene directly contributes to recovery from dextran sodium sulfate (DSS)-induced colitis by induc‑
ing the colonic expression of the cytokine IL-22 and the antimicrobial peptides Reg3β and Reg3γ independently 
of the microbiota. On the other hand, Card9 is required for regulating the microbiota capacity to produce AhR ligands, 
which leads to the production of IL-22 in the colon, promoting recovery after colitis. In addition, cross-fostering 
experiments showed that 5 weeks after weaning, the microbiota transmitted from the nursing mother before wean‑
ing had a stronger impact on the tryptophan metabolism of the pups than the pups’ own genotype.

Conclusions  These results show the role of CARD9 and its effector IL-22 in mediating recovery from DSS-
induced colitis in both microbiota-independent and microbiota-dependent manners. Card9 genotype modulates 
the microbiota metabolic capacity to produce AhR ligands, but this effect can be overridden by the implantation 
of a WT or “healthy” microbiota before weaning. It highlights the importance of the weaning reaction occurring 
between the immune system and microbiota for host metabolism and immune functions throughout life. A better 
understanding of the impact of genetics on microbiota metabolism is key to developing efficient therapeutic strate‑
gies for patients suffering from complex inflammatory disorders.
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Introduction
Inflammatory bowel diseases (IBD), including Crohn’s 
disease and ulcerative colitis, are characterized by chronic 
pathological inflammation of the digestive tract. The 
pathogenesis of IBD remains unclear but involves activa-
tion of the gastrointestinal immune system toward the 
gut microbiota in genetically susceptible hosts and under 
the influence of the environment [1]. The gut microbiota, 
composed of bacteria, fungi, and other microorganisms, 
is fundamental to the health and nutrition of the host [2]. 
Loss of the fragile equilibrium within this complex eco-
system (termed dysbiosis), which is often characterized 
by a decreased biodiversity, overgrowth of potentially 
harmful microorganisms, and disappearance of protec-
tive ones, can trigger numerous pathologies, including 
IBD [3]. Genetic factors are also associated with IBD 
pathogenesis, and a majority of IBD susceptibility loci lie 
within genes involved in immune responses, such as cas-
pase recruitment domain member 9 (Card9).

Card9 is highly expressed in myeloid cells, includ-
ing dendritic cells, macrophages, and neutrophils, and 
encodes an adaptor protein that integrates signals down-
stream of pattern recognition receptors. CARD9 is 
involved in the immune response to fungi, mycobacte-
ria, and bacteria [4, 5]. It acts on several pathways, such 
as NF-kB and p38/Janus natural kinase, and modulates 
toll-like receptor signaling, inducing cytokine produc-
tion and immune cells activation, leading to the elimina-
tion of detected microorganisms [4, 6, 7]. In a previous 
study, we showed that CARD9 mediates recovery from 
colitis through the production of IL-22, a cytokine with 
well-known effects on intestinal homeostasis and barrier 
function [8–10]. Card9−/− mice have an enhanced sus-
ceptibility to dextran sodium sulfate (DSS)-induced coli-
tis and an increased load of gut-resident fungi. Moreover, 
we also demonstrated that the transfer of Card9−/− mice 
microbiota to wild-type (WT) germ-free (GF) recipients 
was sufficient to recapitulate the defective IL-22 activa-
tion and the increased colitis susceptibility observed in 
Card9−/− mice [8]. This defect was due to the impaired 
ability of bacterial microbiota from Card9−/− mice to 
metabolize tryptophan (Trp) into aryl hydrocarbon 
receptor (AhR) ligands, such as indole derivatives [8]. 
Indeed, recent data have indicated that Trp catabolites 
from the microbiota play a role in mucosal immune 
responses via AhR, which in turn modulates the pro-
duction of IL-22 [11, 12]. In humans, comparable 
mechanisms appear to be involved, as we showed that 
the microbiota of patients with IBD exhibits impaired 
production of AhR ligands, which correlates with IBD-
associated single-nucleotide polymorphisms (SNP) 
within CARD9 [8]. However, the circular causality con-
cept in which alterations in the microbiota fuel intestinal 

inflammation that, in turn, worsens microbiota altera-
tions remains to be deeply explored.

Here, we demonstrated that Card9 modulates the sus-
ceptibility to DSS-induced colitis in both microbiota-
dependent and microbiota-independent manners. Using 
GF Card9−/− mice, we showed that Card9 promotes the 
colonic expression of the cytokine IL-22 and the anti-
microbial peptides REG3β and REG3γ independently of 
the microbiota. On the other hand, colonization of GF 
Card9−/− mice with a WT microbiota showed that the 
Card9 gene is required for shaping the bacterial micro-
biota composition and regulating its capacity to produce 
AhR ligands. In addition, cross-fostering experiments 
showed that the microbiota transmitted from the nurs-
ing mother has a stronger impact on Trp metabolism 
and AhR activity at adult age, than has the pups’ own 
genotype. These results show the role of CARD9 and 
its effector IL-22 in mediating recovery from colitis in 
both microbiota-independent and microbiota-depend-
ent manners and highlight the importance of the wean-
ing reaction occurring between the immune system and 
microbiota for host metabolism and immune functions 
throughout life.

Results
Card9 contributes to colitis recovery and controls intestinal 
immune response independently of the gut microbiota
We previously showed that Card9−/− mice microbiota 
contributes to susceptibility to DSS-induced colitis [8]. 
However, the specific contributions of the genetic, i.e., 
the deletion of Card9, independently of the microbiota, 
remains to be explored. We first questioned whether 
Card9 gene does contribute to colitis recovery in a gut 
microbiota-independent manner by exposing GF WT 
and GF Card9−/− mice to DSS. Compared to GF WT 
mice, recovery was impaired in GF Card9−/− mice after 
DSS-induced colitis, with delayed weight gain, higher 
disease activity index, and greater histopathologic altera-
tions (Fig. 1A–C). To examine the mechanisms responsi-
ble for this defect, we compared the colon transcriptomes 
of GF WT and GF Card9−/− during the course of the 
colitis. Compared to GF WT mice, GF Card9−/− exhib-
ited a significant downregulation of genes involved in 
host defense, as well as in immune and inflammatory 
responses at day 7 (Fig. 1D), supporting a defective intes-
tinal immune response. These results were confirmed by 
real-time quantitative PCR in colon tissue showing that 
Il-22, Reg3β, and Reg3γ expression was induced at days 
7 and 12 in GF WT mice but not in GF Card9−/− mice 
(Fig.  1E). Moreover, the expression of Il-1β and Tnf-α 
was decreased in the colon of GF Card9−/− mice com-
pared to GF WT mice at day 7 (Fig. 1F). At day 12, Tnf-α 
expression was significantly higher in GF Card9−/− mice 
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compared to GF WT mice, which could reflect the 
delayed colitis recovery in the absence of Card9 (Fig. 1F). 
This defect in Il-22 expression, a cytokine known to reg-
ulate mucosal wound healing [13], associated with the 
increased expression of the pro-inflammatory cytokines 
Il-1β and Tnf-α, may play a role in the higher colitis sus-
ceptibility of GF Card9−/− mice. These results demon-
strate that Card9 contributes to colitis recovery in a gut 
microbiota-independent manner by supporting the nor-
mal intestinal immune response.

Adult Card9−/− mice susceptibility to colitis 
is not overridden by colonization with a WT microbiota
To compare the impact of Card9 deletion and the gut 
microbiota on colitis susceptibility, we colonized adult 
GF Card9−/− or GF WT mice with the microbiota of 
WT mice (WT ➔ GF Card9−/− and WT ➔ GF WT) 
and exposed them to DSS (Fig. 2A). In parallel, GF WT 
and GF Card9−/− mice colonized with the microbiota of 
Card9−/− mice (Card9−/− ➔ GF WT and Card9−/− ➔ 
GF Card9−/−) were used as controls (Fig. 2A). In accord-
ance with our previous work, Card9−/− ➔ GF WT exhib-
ited higher susceptibility to DSS-induced colitis than 
WT ➔ GF WT, with impaired recovery (Fig.  2B and 
Supp. Figure  2A). The increased susceptibility to colitis 
observed in conventional Card9−/− mice, as evidenced 
by higher weight loss and greater histopathologic altera-
tions [8, 14], was observed in Card9−/− mice whatever 
the microbiota (WT ➔ GF Card9−/− and Card9−/− ➔ 
GF Card9−/−; Fig.  2B − D, Supp. Figure  2A). This result 
suggests that a WT microbiota is not sufficient to pro-
tect adult mice from the increased susceptibility to coli-
tis induced by a Card9 genetic defect. We previously 
showed that colon tissues and mesenteric lymph nodes 
(MLN) of conventional Card9−/− mice had reduced levels 
of IL-22, IL-17A, and IL-6 compared to WT mice as well 
as decreased colonic expression of Reg3β and Reg3γ after 
administration of DSS [8, 14]. Similarly, colonic expres-
sion of Il-22, Reg3β, and Reg3γ was decreased in both 
WT ➔ GF Card9−/− and Card9−/− ➔ GF Card9−/− 
mice compared to WT ➔ GF WT (Supp. Figure  2B), 

while no difference was observed between Card9−/− ➔ 
GF Card9−/− and WT ➔ GF Card9−/− mice (Fig.  2E). 
We also found similar amounts of IL-22, IL-17A, IL-6, 
and IL-10 in the colon (Fig.  2F) and MLN (Fig.  2G) of 
WT ➔ GF Card9−/− and Card9−/− ➔ GF Card9−/− 
mice, suggesting that the genetic effect of Card9 deletion 
on intestinal immune response persists in the presence of 
a WT microbiota. Altogether, these results demonstrate 
that colonization with a WT microbiota is not sufficient 
to rescue the increased colitis susceptibility of Card9−/− 
mice, highlighting that Card9 gene deletion intrinsically 
contributes to the exacerbated intestinal inflammation by 
altering intestinal expression and/or production of pro-
inflammatory cytokines and antimicrobial peptides.

WT microbiota shaped by Card9 gene deletion exhibits 
altered composition and AhR activity
The defect in the intestinal immune response induced 
by Card9 gene deletion raises the question of Card9−/− 
microbiota’s contribution to the hypersusceptibility of 
WT ➔ GF Card9−/− mice to colitis. We explored the 
bacterial composition of GF WT and Card9−/− mice 
colonized with a WT microbiota for 3  weeks. Beta-
diversity analysis revealed major differences between the 
microbiota of WT ➔ GF WT and WT ➔ GF Card9−/− 
mice throughout the experiment. The differences were 
already present at day 7 after microbiota colonization 
but increased at day 21 (Fig.  3B). Pairwise distance and 
richness measurement (observed ASVs) confirmed the 
increased shift of microbiota composition between 
WT ➔ GF WT and WT ➔ GF Card9−/− mice at day 
21 compared to day 7 (Fig.  3A and C). Using the lin-
ear discriminant analysis effect size (LEfSe) pipeline to 
compare the microbiota of WT ➔ GF WT and WT ➔ 
GF Card9−/− mice, we detected twice as many differen-
tially represented taxa at day 21 (n = 41) than at day 7 
(n = 22) post-colonization (Supp. Figure  3A and B). As 
the colonic expression of Il-22 and its target genes Reg3γ 
and Reg3β were decreased in WT ➔ GF Card9−/− mice 
compared to WT ➔ GF WT, we reasoned that it might 
be related to an impaired ability of the microbiota to 

(See figure on next page.)
Fig. 1  Card9 contributes to colitis recovery and controls intestinal immune response independently of the gut microbiota. A Weight (left) and Disease 
Activity Index (DAI, right) score of DSS-exposed GF WT and GF Card9−/− mice. B Representative H&E-stained images of colon cross sections 
from DSS-exposed GF WT (upper panel) and GF Card9−/− (lower panel) mice at day 7 (left) and day 12 (right). Scale bars, 200 μm. C Histological score 
of colon sections at days 7 and 12. One representative experiment out of two. D Gene Ontology analysis of microarray data showing downregulation 
of the expression of genes involved in host defense (GO:0006952), immune response (GO:0006955), and inflammatory response (GO:0006954) 
(top signature, DAVID annotation) in the colon of GF Card9−/− versus GF WT mice at day 7 of colitis. E Il-22, Reg3β, and Reg3γ and F Il-1β and TNF-α 
expression by qRT-PCR in total colon tissue of DSS-exposed GF WT and GF Card9.−/− mice at days 0, 7, and 12, normalized to Gapdh. Data points 
represent individual mice. Data are mean ± SEM of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, as determined 
by as determined by two-way analysis of variance (ANOVA) with Sidak’s posttest (A, C) and Mann–Whitney test (E, F)
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Fig. 1  (See legend on previous page.)
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activate AhR and downstream IL-22 production. Using 
an AhR reporter system, we found that feces from WT 
➔ GF Card9−/− mice were defective in their ability to 
activate AhR as rapidly as 6 days after colonization, simi-
lar to feces from Card9−/− ➔ GF WT and Card9−/− ➔ 
GF Card9−/− mice (Fig. 3D and Supp. Figure 3C). These 
results suggest that Card9 gene deletion contributes to 
the colitis susceptibility of the mice by both impairing the 
intestinal immune response and altering the gut micro-
biota composition and capacity to produce AhR ligands.

Card9 regulates Lactobacillus strains capacity to produce 
AhR ligands
To investigate further how Card9 gene deletion modu-
lates the microbiota capacity to produce AhR ligands, we 
colonized GF WT and GF Card9−/− mice with the fol-
lowing five intestinal bacterial strains from the Proteo-
bacteria, Bacteroidetes, and Firmicutes phyla: Escherichia 
coli MG1655 and Bacteroides thetaiotaomicron VPI-5482 
that do not produce AhR ligands and three Lactobacil-
lus strains known to produce AhR ligands, Lactobacil-
lus murinus CNCM I-5020, Lactobacillus reuteri CNCM 
I-5022, and Lactobacillus taiwanensis CNCM I-5019 [8] 
(Fig.  4A). All the microorganisms rapidly and steadily 
colonized the intestine of GF WT and GF Card9−/− mice 
(Fig.  4B–C). However, the level of the B. thetaiotaomi-
cron was lower in GF Card9−/− compared to WT mice 
from the third week of colonization, suggesting some 
effect of the genotype on the intestinal microorganisms 
(Fig. 4B). Among the Lactobacillus strains, the level of L. 
murinus was higher than the other Lactobacillus strains 
in both genotype groups (Supp Fig.  4A). Although the 
Lactobacillus levels were not different between the 
groups (Fig.  4C), the capacity of the microbiota to acti-
vate AhR was decreased in GF Card9−/− mice starting at 
day 11 (Fig.  4D), suggesting that CARD9 can affect the 
microbiota functions even without noticeable changes in 
the abundance of AhR agonists-producing bacteria. AhR 
ligands produced by the gut microbiota are known to 
promote IL-22 production by several intestinal immune 

cells, including innate lymphoid cells (ILC), T helper 17 
(Th17) and Th22 cells, γδ T cells, and lymphoid tissue 
inducer (LTi) cells [15]. Before any microbiological con-
tact (day 0), immune cells from the colon lamina pro-
pria of GF WT and GF Card9−/− mice produced similar 
amounts of IL-22 and IL-17 (Fig. 4E and Supp. Figure 4B 
and C). Following three weeks of colonization with the 
five intestinal bacterial strains (day 24), we observed that 
IL-22 production by Th22 (CD4+ αβ T cells) and NKp46+ 
ILCs was decreased in the colon lamina propria of GF 
Card9−/− mice, as compared to GF WT mice (Fig.  4E). 
In contrast, no difference was observed regarding IL-17 
production (Supp. Figure  4C). These data indicate that 
Card9 gene deletion, without altering the population lev-
els of Lactobacillus, impaired their capacity to produce 
AhR ligands, which induces a decreased production of 
IL-22 by T cells and ILCs in the colon.

Inherited microbiota controls Trp metabolism 
independently of host genotype
To better understand the impact of Card9 deletion on 
microbiota metabolism, and particularly its ability to pro-
duce AhR ligands, we next investigated which of genetics 
or microbiota transmitted from the nursing mother was 
the most determinant for microbiota composition and 
metabolism in offspring. We performed a cross-fostering 
experiment with conventional WT and Card9−/− mice. 
Half of the litters were switched to a nursing mother 
of different genotypes, leaving half of each original lit-
ter with their birth mother (WT mothers with half WT 
(m WT ➔ p WT) and half Card9−/− pups (m WT ➔ p 
Card9−/−); Card9−/− mothers with half WT (m Card9−/− 
➔ p WT) and half Card9−/− pups (m Card9−/− ➔ p 
Card9−/−)) (Fig.  5A). Pups were weaned at week 4 and 
kept in separate cages according to their genotype and 
nursing mother until week 9. Principal component analy-
sis of the 16 s sequencing of fecal microbiota of mothers 
and pups at week 9 revealed that the pup’s microbiota 
better separate according to the genotype of their nursing 
mother (i.e., their inherited microbiota) rather than to 

Fig. 2  Card9−/− mice susceptibility to colitis is not overridden by colonization with a WT microbiota. A Schematic representation 
of the DSS-induced colitis experiment preceded by 3 weeks of oral administration (gavage) of GF WT and GF Card9−/− mice with the microbiota 
of WT mice (WT ➔ GF WT and Card9−/− ➔ GF WT) or Card9−/− mice (WT ➔ GF Card9−/− and Card9−/− ➔ GF Card9−/−). DSS 2% in drinking 
water for 7 days and then water for 5 days. B Weight of DSS-exposed GF Card9−/− or GF WT mice colonized with the microbiota of WT mice (WT 
➔ GF Card9−/− and WT ➔ GF WT) or Card9−/− mice (Card9−/− ➔ GF WT and Card9−/− ➔ GF Card9−/−). C Representative H&E-stained images 
of colon cross sections from DSS-exposed GF Card9−/− colonized with the microbiota of WT mice (WT ➔ GF Card9−/−, left) or Card9−/− mice 
(Card9−/− ➔ GF Card9−/−, right) at day 12. Scale bars, 500 μm. D Histological score of colon sections at day 12. E Il-22, Reg3β, and Reg3γ expression 
by qRT-PCR in total colon tissue at day 12, normalized to Gapdh. IL-17, IL-6, IL-10, and IL-22 concentration measured by ELISA in total colon tissue (F) 
or mesenteric lymph nodes (MLN, G) of WT ➔ GF Card9−/− and Card9−/− ➔ GF Card9−/.− mice at day 12. Data points represent individual mice. Data 
are mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, as determined by two-way analysis of variance (ANOVA) with Sidak’s posttest (B) and Mann–
Whitney test (D, E, F, G)

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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their own genotype (Fig. 5B). To evaluate the respective 
impact of inherited genetics and microbiota on trypto-
phan metabolism, we performed targeted metabolomics 

focusing on Trp metabolites in the feces and serum of the 
offspring at 9 weeks of age. Principal component analy-
sis showed that metabolites composition of the feces 

Fig. 3  WT microbiota shaped by Card9 gene deletion exhibits altered composition and AhR activity. A Alpha-diversity analysis (left panel: observed 
ASVs, right panel: Shannon index) of the WT inoculum and the fecal microbiota of WT ➔ GF WT and WT ➔ GF Card9−/− mice at day 7 and 21. B 
Beta-diversity analysis (PCoA) using Jaccard index (binary) and PERMANOVA. C Pairwise distance (Bray–Curtis divergence) of the fecal microbiota 
of WT ➔ GF WT and WT ➔ GF Card9−/− mice at day 7 versus 21. D AhR activity (shown as “fold change”) measured in feces of WT ➔ GF WT and WT 
➔ GF Card9−/.− mice at days 6 and 21 after colonization. Data are mean ± SEM. *P < 0.05 and **P < 0.01, as determined by Wilcoxon test of pairwise 
(C) and unpaired t-test (D)
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Fig. 4  Card9 regulates Lactobacillus strains capacity to produce AhR ligands. A Schematic representation of the gavage of GF WT or Card9−/− mice 
five different bacterial strains and analyses performed. B Concentration of bacterial strains in feces reported as CFU/g of feces of GF WT and GF 
Card9−/− mice after gavage with three Lactobacillus strains known to produce AhR ligands, L. murinus CNCM I-5020, L. reuteri CNCM I-5022, and L. 
taiwanensis CNCM I-5019 (left panel), Bacteroides thetaiotaomicron VPI-5482 (middle panel), or Escherichia coli MG1655 (right panel). C qRT-PCR 
detection of each of the three gavaged Lactobacillus strains (L. murinus CNCM I-5020, L. reuteri CNCM I-5022, and L. taiwanensis CNCM I-5019) 
in colon of GF WT and GF Card9−/− mice. D Induction of AhR activity (shown as “fold change”) induced by Lactobacillus strains colonization in GF WT 
and GF Card9−/− mice at days 11 and 23 after gavage. E Percentage of IL-22+ cells among CD4+ αβ T cells (left) and NKp46+ ILCs in the colon lamina 
propria of GF WT and GF Card9−/− mice, at days 0 and 24 after gavage with the three Lactobacillus strains. Data points represent individual mice. 
Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, as determined by Mann–Whitney test
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and serum of the pups was best separated based on their 
nursing mother genotype rather than on their own geno-
type, revealing that the microbiota received before wean-
ing from their nursing mother is more determinant than 
their own genotype (Fig. 5C). Indeed, the concentration 
of Trp and indole derivatives (SUM indoles, major AhR 
agonists produced by the gut microbiota) were signifi-
cantly decreased in the feces and serum of pups raised 
by Card9−/− mothers (m Card9−/− ➔ p WT and m 
Card9−/− ➔ p Card9−/−) compared to those raised by 
WT mothers (m WT ➔ p WT and m WT ➔ p Card9−/) 
5 weeks after weaning, independently of the pups geno-
type (Fig.  5D–E and Supp Fig.  5A). In contrast, no dif-
ference in metabolite concentrations could significantly 
be explained by the pups’ genotype (Fig.  5D–E and 
Supp Fig. 5A). The two other Trp metabolism pathways, 
IDO and serotonin (5HT), were not more significantly 
impacted by the nursing mother genotype than by the 
pups’ ones (Supp Fig. 5B–C). These results highlight that 
the microbiota inherited from the mother has a higher 
impact on Trp metabolism than the pups’ own genotype, 
even 5 weeks after weaning. Accordingly, AhR activity of 
the caecum content was reduced in mice that inherited 
an altered microbiota (m Card9–/–) compared to those 
that received a normal one (m WT) (Fig. 5F). Altogether, 
these results show that Card9 deletion affects microbiota 
composition and metabolism and especially its capacity 
to produce AhR ligands, but this can be partially over-
come by the implantation of a WT microbiota before the 
weaning period.

Discussion
The gut microbiota is a key player in mammalian physi-
ology, and its composition is influenced by genetics, 
environment, and diet [1, 2]. Any change in these fac-
tors can predispose the host to metabolic or inflam-
matory disorders, including obesity and IBD [1, 2]. 
However, it is still unclear whether dysbiosis is a cause or 

a consequence of these complex diseases, and it remains 
difficult to dissociate direct genetic effects from indirect 
effects through the gut microbiota. Recently, we demon-
strated that the transfer of Card9–/– mice microbiota to 
GF WT recipient mice was sufficient to recapitulate the 
defective IL-22 activation and increased colitis suscepti-
bility observed in Card9–/– mice [8]. This defect, which 
was also observed in IBD patients with IBD-associated 
CARD9 SNP, is partly due to the impaired ability of the 
Card9–/– microbiota to metabolize Trp into AhR ligands, 
such as indole derivatives [8]. Indole derivatives, by acti-
vating AhR, regulate local IL-22 production and contrib-
ute to maintaining the fragile equilibrium between host 
cells and microbiota [9, 11, 12]. These results directly link 
a functional alteration of the microbiota, i.e., altered Trp 
metabolism leading to reduced AhR activity and defec-
tive intestinal production of IL-22, to increased colitis 
susceptibility. We thus questioned the relative impacts of 
genotype versus “microbiota on colitis susceptibility in a 
context of CARD9 deficiency.

We show that Card9 modulates the susceptibility to 
DSS-induced colitis in both microbiota-dependent and 
independent manners. Using germ-free models, we 
proved the direct contribution of Card9 gene in colitis 
recovery, through the induction of IL-22, REG3β, and 
REG3, independently of the microbiota. IL-22, primarily 
produced by RORγt + lymphocytes, is largely known for 
its critical roles in intestinal barrier function, and con-
tainement of the microbiota, through the induction of 
antimicrobial peptides including REG3β and REG3γ [16, 
17]. REG3β and REG3γ contribute to the spatial segre-
gation of intestinal bacteria and the epithelium [17–19]. 
Independently of microbiota-related functions, IL-22 
is required for efficient mucosal wound healing via the 
maintenance and proliferation of epithelial stem cells [13, 
20]. Similarly, a growing literature points out potential 
metabolic functions of REG3 proteins, which could act as 
gut hormones [21].

(See figure on next page.)
Fig. 5  Inherited Card9−/− microbiota controls Trp metabolism independently of the host genotype. A Schematic representation 
of the cross-fostering experiment with conventional WT and Card9−/− mice showing the adoption of half of the offspring by a nursing mother 
of different phenotypes, leaving half of each original litter with their birth mother (WT mothers with half WT and half Card9−/− pups; Card9−/− 
mothers with half WT and half Card9−/− pups). Pups were weaned at week 4 and kept in separate cages according to their genotype and nursing 
mother until week 9, when targeted metabolomics focused on Trp metabolism on feces and serum of the pups was performed, i.e., 5 weeks 
after weaning. B Beta-diversity analysis (PCoA) of the fecal microbiota of mothers and pups, separated according to the nursing mothers genotype 
(left) or the pups genotype (right), at week 9 of age, i.e., 5 weeks after weaning, using Jaccard index (binary) and PERMANOVA (based on 16 s 
sequencing). C Principal coordinates analysis showing metabolites composition of the feces (upper panel) and serum (lower panel) of the pups, 
separated according to the nursing mothers genotype (left) or the pups genotype (right), at week 9 of age. D Trp or E indoles concentration 
measured in feces (top) or serum (bottom) of the pups separated according to either the microbiota inherited from the nursing mother genotype 
(left) or the pups genotype (right) at week 9 of age. F Correlation between AhR activity induction (shown as fold change) and functionality of Card9 
gene (in the nursing mother genotype and/or the pups genotype) at week 9 of age. Significance was determined by using Spearman linear. Data 
points represent individual mice. *P < 0.05, **P < 0.01, as determined by Mann–Whitney test. Trp, tryptophan
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Fig. 5  (See legend on previous page.)
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Interestingly, this direct genetic effect was not over-
rriden by the microbiota in our model. Indeed, a WT 
microbiota transplantation in adult GF Card9–/– mice 
was not sufficient to compensate the genetic susceptibil-
ity, especially in terms of clinical symptoms of inflam-
mation (weight, DAI, histology) and immune response. 
This is surprising as, in the other way around, the trans-
plantation of a Card9–/– microbiota in WT mice was 
sufficient to increase colitis susceptibility [8], suggesting 
a dominant effect of detrimental genotype and micro-
biota in this model. Thus, the CARD9 protective func-
tions against intestinal inflammation are both direct and 
microbiota dependent and rely on distinct but cumula-
tive mechanisms.

In addition, we show that Card9 gene deletion can 
shape a WT microbiota over time, with impacts on its 
composition and functions, especially its ability to pro-
duce AhR ligands. Indeed, we show that CARD9 modu-
lates the AhR activity of Lactobacillus strains, despite 
the absence of impact on their colonization levels in 
the colon. It suggests that CARD9-dependent immune 
response does not reduce the abundance of lactobacilli 
in  vivo but specifically affects their metabolic activity 
through a yet to determine mechanism, likely related to 
CARD9-mediated changes in the gastrointestinal tract 
environment. In a previous study (Lamas et  al., 2016), 
we administrated Lactobacillus strains isolated from 
WT mice to Card9–/– mice, and it was sufficient to res-
cue IL-22 production [8], contrary to the results obtained 
here. However, the experimental context was differ-
ent, as mice receiving Lactobacillus strains had a com-
plex microbiota [8], versus a simplified microbiota here, 
which may not recapitulate all the functions essential 
to rescue IL-22 production. Moreover, in our previous 
study, Lactobacillus strains were administered to mice 
on a regular basis (three times a week, for 3 weeks) [8]. 
Thus, even though CARD9 deletion might affect the 
production of AhR ligands by Lactobacillus strains, we 
rescued this impaired capacity by inoculating fresh meta-
bolically active bacteria every 2–3 days. It is possible that 
CARD9 deletion shifts the metabolic activity of Lactoba-
cillus species on the medium or long term, as for instance 
5-week post-weaning here. Altogether, these data sup-
port the importance of microbiota functionality beyond 
taxonomic composition, in both human and mice [22]. 
Indeed, these results are relevant to humans, as impaired 
microbial production of AhR ligands is observed in 
patients with IBD and correlates with an IBD-associated 
SNP within CARD9 (rs10781499) [8]. Consequently, pro-
biotic strains that naturally produce Trp metabolites, for 
instance indole derivatives, could represent an interesting 
supportive therapy in patients with altered microbiota 
functions [8, 12]. However, our findings demonstrate that 

it is crucial to better understand the metabolic activity of 
these microbes in vivo, as they could be administered and 
properly colonize the colon of patients without confer-
ring any positive effects on susceptibility to inflammation 
due to an altered metabolism.

Finally, a cross-fostering experiment shows that, even 
5 weeks after weaning, the microbiota transmitted from 
the WT or Card9–/– nursing mother (with a similar or a 
different genotypes than the pups) has a stronger impact 
on the pups Trp metabolism than has the pups’ own gen-
otype. Nursing mothers transmit their microbiota to the 
pups, but also their breastmilk, which contains microbi-
ota-derived indoles [23]. The level of indoles is reduced in 
both serum and feces of Card9–/– nursing mothers, it is 
thus likely reduced in breastmilk, which may contribute 
to the observed effect in pups. Altogether, these results 
mean that Card9 genotype modulates the microbiota 
metabolic capacity to produce AhR ligands, but this effect 
can be overridden by the implantation of a “normal” or 
WT microbiota before weaning. This is particularly inter-
esting as this effect lasts up to 5  weeks after weaning, 
i.e., at week 9 of age, corresponding to the adulthood in 
mice. Previous studies showed that the reaction between 
the immune system and the microbiota, called “wean-
ing reaction,” is required for immune ontology/devel-
opment [24–26]. Perturbation of the weaning reaction 
leads to increased susceptibility to immune pathologies 
later in life [24–26]. Especially, Al Nabhani and cowork-
ers showed that the weaning reaction occurs during a 
specific time window, and that protection from inflam-
matory diseases involves microbiota-induced Treg cells 
[24]. Anti-inflammatory Treg cells prevent the excessive 
reactivity of the immune system toward intestinal micro-
organisms, whereas IL-22, REG3β, and REG3γ reinforce 
the barrier function [17]. Moreover, it is interesting to 
see that not only immune responses are impacted by the 
microbiota transmitted before weaning but also feces and 
serum metabolism.

Owing to their tight relationship, the respective 
roles of host genetic factors and gut microbiota in IBD 
pathogenesis cannot be completely distinguished. Dys-
biosis is likely both a cause and a consequence of intes-
tinal inflammation. Our results suggest that the altered 
immune response in the absence of Card9 has an effect 
on the microbiota composition and metabolic activity. In 
turn, the modified microbiota alters Trp catabolite pro-
duction, affecting the host immune response and ampli-
fying dysbiosis in a vicious cycle that leads to the loss of 
intestinal homeostasis. To conclude, better understand-
ing of the impact of immune genes on microbiota metab-
olism is key to develop efficient therapeutic strategies 
for patients suffering from complex inflammatory disor-
ders. Effort should be provided to elaborate strategies to 
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prevent pathological imprinting early in life (breast-feed-
ing, diet, pre and probiotics), in order to avoid the drift 
toward susceptibility to inflammatory disorders at a more 
advanced age, as microbiota perturbations in the pre-
weaning period might have powerful longtime effects.

Materials and methods
Mice
Card9-deficient mice (Card9−/−) on the C57BL/6 J back-
ground were housed under specific pathogen-free condi-
tions at the Saint-Antoine Research Center. GF C57BL/6 J 
mice were bred in GF isolators at the CDTA (Transgen-
ese et Archivage Animaux Modèles, CNRS, UPS44). 
Conventional mice were fed a standard chow diet R03, 
and GF mice were fed a diet without yeast R04 (SAFE). 
Animal experiments were performed according to the 
institutional guidelines approved by the local ethics com-
mittee of the French authorities, the “Comité d’Ethique 
en Experimentation Animale” (COMETHEA), and regis-
tered with the following national number C2EA-24.

Gut microbiota transfer and GF mice colonization
Fresh stool samples from WT or Card9−/− mice (8-week-
old males) were immediately transferred to an anaer-
obic chamber and diluted in LYHBHI (brain–heart 
infusion) medium (BD Difco) supplemented with 1 mg/
ml cellobiose, 1 mg/ml maltose, and 0.5 mg/ml cysteine 
(Sigma-Aldrich). These fecal suspensions were used 
to inoculate mice. WT and Card9−/− GF mice (4- to 
5-week-old males) were randomly assigned to two 
groups and inoculated via oral gavage with 400  μl of 
fecal suspension (1:100) from the conventional wild-
type (WT → GF) or Card9−/− (Card9−/−  → GF) mice 
and maintained in separate isolators. All colitis induc-
tion with DSS in WT → GF and Card9−/−  → GF mice was 
performed 3 weeks after inoculation. To investigate how 
Card9 gene deletion modulates the microbiota capac-
ity to produce AhR ligands, WT and Card9−/− GF mice 
(4- to 5-week-old males) were colonized with five intes-
tinal bacterial strains. Bacterial suspensions (108–109 
colony-forming unit (CFU) in 400 μl) were administered 
to mice by intragastric gavage. The microorganism popu-
lation levels were determined weekly in the feces during 
implantation using culture methods (E. coli: MacConkey 
agar; Bacteroides thetaiotaomicron: M17 agar; Lactoba-
cillus strains: MRS agar).

Induction of DSS colitis
To induce colitis, mice were administered drinking water 
supplemented with 2% (wt./vol.) dextran sulfate sodium 
(DSS; MP Biomedicals) for 7  days and then unsupple-
mented water for the next 5 days.

Cytokine quantification
After filtration through a 70-μm cell strainer (BD 
Difco) in supplemented RPMI1640 medium (10% heat-
inactivated FCS, 2-mM L-glutamine, 50  IU/ml peni-
cillin, 50  μg/ml streptomycin; Sigma-Aldrich), 1 × 106 
MLN cells/well were stimulated by 50  ng/ml PMA 
and 1-μM ionomycin (Sigma-Aldrich) for 48  h (37  °C, 
10% CO2). To measure cytokine levels in explants, tis-
sues from the medial colon were rinsed in phosphate-
buffered saline (PBS, Gibco). The colonic explants were 
cultured (37  °C, 10% CO2) overnight in 24-well tissue 
culture plates (Corning) in 1 ml of complete RPMI1640 
medium. ELISAs were performed for IL-10, IL-17A 
(Mabtech), IL-22 (eBioscience), and IL-6 (R&D Sys-
tems). Normalization to the dry weight of each colonic 
explant was done.

Lamina propria cell isolation and flow cytometry
Cells from the colon and small intestine lamina pro-
pria were isolated, stimulated, and stained as previously 
described [8] with specified antibodies (Supplemental Table 
S1). The cells were analyzed using a Gallios flow cytometer 
(Beckman Coulter) and identified as macrophages (MHCII 
+ F4/80 + CD103 − CD11b + CD11c −), dendritic cells (MH
CII + F4/80 − CD103 + / − CD11b − CD11c +), TH17 cells 
(CD3 + CD4 + CD8α-IL-17 + IL-22 +), TH22 cells (CD3 + 
CD4 + CD8α-IL-17 − IL-22 +), NKp46 + ILCs (including 
ILC3 and NK cells; CD3 − CD4 − CD8α-NKp46 +), LTi cells 
(CD3 − CD4 + NKp46 −), γδ T cells (CD3 + CD4 − CD8α-
TCRγδ +), or CD3 − CD4 − CD8α-NKp46 − cells.

Histology
Colon samples were fixed, embedded in paraffin, and 
stained with H&E. Slides were scanned and analyzed to 
determine the histological score as previously described 
[14].

Gene expression analysis using quantitative 
reverse‑transcription PCR (qRT‑PCR)
Total RNA was isolated from colon samples or cell sus-
pensions using RNeasy Mini Kit (Qiagen) and quantita-
tive RT-PCR performed using SuperScript II Reverse 
Transcriptase (Life Technologies) and then a Takyon 
SYBR Green PCR kit (Eurogentec) in a StepOnePlus 
apparatus (Applied Biosystems) with specific mouse oli-
gonucleotides (Supplemental Table S1). We used the 
2 − ΔΔCt quantification method with mouse Gapdh as an 
endogenous control and the GF WT or WF → GF WT or 
WT → GF Card9−/− group as a calibrator.
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Fecal DNA extraction, bacterial quantification, and AHR 
activity measurement
Fecal DNA was extracted from the weighted stool sam-
ples as previously described [8]. DNA was subjected to 
qPCR by using TaqMan Gene Expression Assays (Life 
Technologies) for quantification of all bacterial sequences 
(see probes and primers for the bacterial 16S rDNA 
genes in Supplemental Table 1). The CT − ΔΔCt method 
was used. The expression level of each individual lacto-
bacilli species was expressed relative to “all lactobacilli.” 
Luciferase assay for AHR activity measurement was per-
formed as previously described [8].

16S rDNA gene sequencing and analysis
DNA was isolated from the feces of mice as previously 
described [8]. Paired-end sequences were analyzed using 
the dada2 [27] (v1.24.0) algorithm in the R statistical 
programming environment (v4.2.0, 2018) to produce 
amplicon sequence variants (ASVs). Taxonomic assign-
ment was performed using the SILVA reference data-
base [28] (v138.1). Alpha diversity was presented using 
the Shannon index and number of observed ASVs. Beta 
diversity was calculated using the binary Jaccard dis-
tance and plotted using principal coordinate analyses 
(PCoA) plots in the vegan package (v2.6–2). Groupings 
were tested using PERMANOVA with 999 permutations 
and the “adonis” function for each timepoint separately. 
Differential abundance testing was performed using the 
linear discriminant analysis with effect size (LEfSe) on 
proportional (total sum normalized) data, using default 
settings [29]. Plotting was performed in ggplot2 (v3.3.6) 
and ggpubr (v0.4.0), using the Wilcoxon rank-sum test. 
Analysis scripts are available on GitHub (https://​github.​
com/​ajlav​elle/​dysco​lic-​Figur​es). Sequences are deposited 
on sequence read archive (accession number pending).

Gene expression by microarray analyses
Total RNA was isolated using the protocol described 
above. RNA integrity was verified using a Bioana-
lyser2100 with RNA6000 Nano chips (Agilent Technolo-
gies). Transcriptional profiling was performed on mouse 
colon samples using the SurePrint G3 Mouse GE8 × 60 K 
Microarray kit (design ID: 028005, Agilent Technolo-
gies). 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). The spe-
cific activities and cRNA yields were determined by using 
a NanoDrop ND-1000 (Thermo Fisher Scientific). For 
each sample, 600 ng of Cy3-labeled cRNA (specific activ-
ity > 11.0 pmol Cy3/μg of cRNA) was fragmented at 60 °C 
for 30 min and hybridized to the microarrays for 17 h at 
65 °C in a rotating hybridization oven (Agilent Technolo-
gies). After hybridization, the microarrays were washed 

and then immediately dried. After washing, the slides 
were scanned using a G2565CA Scanner System (Agi-
lent 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 proto-
col. The microarray data were submitted to GEO under 
accession number.

Microarray analysis
The R package “agilp” was used to preprocess the raw 
data. 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 back-
ground signal. Probes were considered to be detected if 
the P-value was < 0.05 and if at least 60% of samples per 
group and under at least one condition. After normaliza-
tion using quantile normalization, spike-in, positive and 
negative control probes were removed from the normal-
ized data. For differential expression analysis, we used 
the limma eBayes test. The Benjamini–Hochberg cor-
rection 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 [30] 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. DAVID 
was performed to test for the biological pathway enrich-
ment of Venn’s elements.

Cross‑fostering experiment
Breeding pairs of conventional WT and Card9−/− mice 
were set up simultaneously to obtain synchronized 
births. Half of the litters were switched to a nursing 
mother of different genotypes, leaving half of each origi-
nal litter with their birth mother (WT mothers with half 
WT and half Card9−/− pups; Card9−/− mothers with half 
WT and half Card9−/− pups) (see Fig.  5A). Pups were 
weaned at week 4 and kept in separate cages according to 
their genotype and nursing mother until week 9.

Targeted metabolomics
Samples were lyophilized and weighted. The methods 
have been described previously [31]. Briefly, internal 
standard (100 µL) and methanol/water (50:50) were 
added in each samples. Supernatant was collected 
after an agitation during 30  min at 4  °C and centrifu-
gation. After simultaneous evaporation, each well 
was resuspended in 100 µL of a methanol/water mix-
ture (1:9). Finally, 5 µL was injected into the LC–MS 

https://github.com/ajlavelle/dyscolic-Figures
https://github.com/ajlavelle/dyscolic-Figures
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(XEVO-TQ-XS, Waters®). A Kinetex C18-XB column 
(1.7  µm × 150  mm × 2.1  mm, temperature 55  °C) asso-
ciated with a gradient of two mobile phases (phase A: 
water + 0.5% formic acid; phase B: MeOH + 0.5% for-
mic acid) at a florate of 0.4  mL/min was used. A cali-
bration curve was created by calculating the intensity 
ratio obtained between each metabolite and its inter-
nal standard. These calibration curves were then used 
to determine the concentrations of each metabolite in 
patient samples.

Statistical analyses
GraphPad Prism version 6.0 was used for all analyses 
using statistical tests specified in figure legends.
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Additional file 1: Supp Figure 1. Genes included in the Gene Ontol‑
ogy pathways downregulated in the colon of GF Card9-/- versus GF WT 
mice at day 7 of colitis (host defense (GO:0006952), immune response 
(GO:0006955) and inflammatory response (GO:0006954)), including Reg3β 
and Il1rl1.

Additional file 2: Supp Figure 2. (A) Disease activity index (DAI) of 
DSS-exposed GF Card9-/- or GF WT mice colonized with the microbiota of 
WT or Card9-/- mice. For statistical comparisons, † indicates WT ➔ GF WT 
versus WT ➔ GF Card9-/-, ‡ indicates Card9-/- ➔ GF WT versus Card9-/- ➔ 
GF Card9-/- and * indicates WT ➔ GF WT versus Card9-/- ➔ GF WT. (B) Il-22, 
Reg3β and Reg3γ expression by qRT-PCR in total colon tissue of WT ➔ GF 
WT, WT ➔ GF Card9-/- and Card9-/- ➔ GF Card9-/- mice at day 12, normal‑
ized to Gapdh. Data are mean ± SEM. *P<0.05, †P<0.05, ‡ P<0.05, **P<0.01, 
‡‡P<0.01, ***P<0.001 and †††P<0.001 as determined by one way ANOVA 
and post hoc Tukey test (A) and Mann-Whitney test (B).

Additional file 3: Supp Figure 3. LEFse analyses showing taxa (genus 
level) overrepresented (positive values, right) and underrepresented 
(negative values, left) in the microbiota of WT ➔ GF WT compared to WT 
➔ GF Card9-/- mice at day 7 (A) and 21 (B). (C) AHR activity (shown as fold 
change) of feces of WT ➔ GF WT, Card9-/- ➔ GF WT, WT ➔ GF Card9-/- 
and Card9-/- ➔ GF Card9-/- mice at day 6 and 21. Data are mean ± SEM. 
*P<0.05 and **P<0.01, as determined by Mann-Whitney test.

Additional file 4: Supp. Figure 4. (A) Relative expression of each of the 
three gavaged Lactobacillus strains (L. murinus CNCM I-5020, L. reuteri 
CNCM I-5022 and L. taiwanensis CNCM I-5019) in feces of GF WT (left) 
and GF Card9-/- mice (right), assessed by qRT-PCR and normalized to "All 
lactobacilli" quantity at day 24. (B) Percentage of IL-22+ cells among all 
immune cells, γδT cells DN, CD4+ ILCs, and NKp46- CD4- ILCs in the colon 
lamina propria of GF WT and GF Card9-/- mice, at day 0 and 24 after gavage 
with the three Lactobacillus strains. (C) Percentage of IL-17+ cells among 
all cells, γδT cells DN, CD4+ ILCs, NKp46- CD4- ILCs, CD4+ αβT cells and 
NKp46+ ILCs in the colon lamina propria of GF WT and GF Card9-/- mice, 
at day 0 and 24 after gavage with the three Lactobacillus strains. Data 
points represent individual mice. Data are mean ± SEM. *P<0.05, **P<0.01, 
***P<0.001, as determined by Mann-Whitney test. DN, double negative.

Additional file 5: Supp Figure 5. (A) Indole 3 lactic acid concentration in 
feces of the pups separated according to the nursing mother genotype 
or the pups’ genotype 5 weeks after weaning. Metabolites concentration 
from the IDO (B) and serotonin (5HT, C) pathways measured in feces or 
serum of the pups separated according to the nursing mother genotype 
or the pups’ genotype, 5 weeks after weaning. Data points represent 

individual mice. *P<0.05, as determined by Mann-Whitney test. Trp, 
tryptophan.

Additional file 6: Supplemental Table 1. Antibodies and nucleotides list.
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