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Abstract

Background and Aims: Crohn’s disease [CD] is a complex disorder characterised by an inappropriate 
immune response, impaired barrier function and microbial dysbiosis. Mutations in nucleotide 
oligomeriation domain 2 [NOD2] are CD risk factors. Increase of intestinal permeability, CD4+ T 
cell infiltration, and bacterial dysbiosis are also seen in Nod2-knockout [Nod2KO] mice. However, 
the specificity and relationship between these Nod2-associated abnormalities remain largely 
unexplored.
Methods: Wild-type [WT], Nod1-knockout [Nod1KO] and Nod2KO mice were analysed in parallel. 
Microbial composition was defined by 454-pyrosequencing of bacterial 16S rRNA genes. Mucin 
and antimicrobial peptide expression was assessed by RT-PCR. Cell populations from Peyer’s 
patches were determined by flow cytometry. Ussing chambers were used to measure intestinal 
permeability and bacterial translocation. Finally, to explore the impact of colonisation with 
mother’s microbiota at birth, analyses were also performed in Nod2KO and WT mice born from WT 
surrogate mothers after embryo transfer.
Results: Nod2KO mice exhibited colonic bacterial dysbiosis different from WT and Nod1KO mice. 
Altered expression of antimicrobial peptides and mucins in ileum and colon was associated with 
the microbial composition. Bacterial composition of Nod2KO and WT mice obtained by embryo 
transfer was similar to that observed in Nod2KO mice, arguing for a dominant effect of Nod2KO-
associated dysbiosis. In contrast, increased levels of CD4+ T cells and gut barrier defects across 
Peyer’s patches were specific to Nod2 deficiency and independent of Microbial dysbiosis.
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Conclusions: Nod2 deficiency is associated with a specific dominant dysbiosis which does not 
drive mucosal tissue and immune alterations.

Key Words:  Crohn’s disease; gut barrier dysfunction; intestinal microbiota; Nod-like 

1. Introduction

The gastrointestinal mucosa is the body’s main interface between 
the external environment and the internal milieu. In healthy peo-
ple, the three compartments of the digestive mucosa which include 
immune system, epithelial barrier and commensal bacteria, are in 
homeostatic steady state. Failure of intestinal homeostasis results 
in numerous human diseases including inflammatory,1 metabolic,2,3 
infectious,4 and neurological disorders.5 Most of these are complex 
multifactorial diseases, involving genetic and environmental factors, 
such as Crohn’s disease [CD].6

NOD2 [nucleotide-binding oligomeriation domain containing 2] 
mutations are associated with an increased risk to develop CD.7 
NOD2, expressed in both haematopoietic and non-haematopoietic 
cellular compartments, is a cytosolic sensor that recognises mura-
myl-dipeptide [MDP] present in the cell wall of Gram-positive and 
-negative bacteria,8 Binding of MDP to NOD2 results in expression 
of inflammatory cytokines, chemokines, antimicrobial molecules, 
and induction of adaptive immune responses.9

Patients with CD harbuor altered intestinal microbial com-
munities characterised by an increase in Bacteroidetes and 
Proteobacteria and a decrease of Firmicutes.10 The effect of Nod2 
on the gut microbiota was observed in both Nod2 knockout 
[Nod2KO] mice and CD patients with NOD2 mutations.11,12,13,14,15,16 
However, co-housing Nod2KO and control mice suppressed 
or minimised differences in gut microbial composition.n17,18 
Coprophagia may have an impact on microbial composition and 
possibly shades differences in the microbiota caused by genetic 
defects. Microbial composition may also be affected by host pro-
teins such as mucins and antimicrobial peptides.19 Indeed, Nod2KO 
mice display reduced expression of Paneth cell-derived antimicro-
bial cryptdins.20 However, another study did not show a decrease 
in cryptdin expression in Nod2KO mice.18 Moreover, Nod2KO mice 
were also shown to display defects in mucus production by goblet 
cells, as well as abnormalities in the epithelium.12 Thus, altered 
host gene expression can modify commensal bacterial communi-
ties. In this study, we sought to resolve the mechanisms underly-
ing an association between intestinal microbiota and host gene 
expression.

The gut-associated lymphoid tissue [GALT] consists of isolated 
and aggregated lymphoid follicles forming Peyer’s patches [PPs]. PPs 
are induction sites of immune tolerance or defence against pathogens, 
which result from a complex interplay between resident immune 
cells and follicle-associated epithelium.21 This cross-talk is regulated 
by pathogen recognition receptors, especially Nod24. Nod2 signal-
ling in response to intestinal bacteria results in regulation of T cell 
responses as well as of PP permeability.22,23 However, the link of bac-
terial dysbiosis and Nod2 deficiency to the alteration of immune cell 
populations and dysfunction of gut permeability remains unknown.

Here we show that Nod2 deficiency induces a specific and domi-
nant bacterial dysbiosis in the colon. Modification of microbial 
composition is also associated with an abnormal expression of both 
antimicrobial peptides and mucins. Finally, we show that the abnor-
malities in GALT function are specific to Nod2 deficiency and inde-
pendent of the composition of gut microbiota.

2. Material and Methods

2.1. Mice
C57BL/6 wild-type, Nod1KO24 and Nod2KO22 mice were housed in 
specific pathogen-free conditions and monitored every 6 months in 
accordance with the full set of FELASA high-standard recommenda-
tions. Housing and experiments were conducted according to institu-
tional animal healthcare guidelines and were approved by the local 
ethical committee for animal experimentation [Comité Régional 
d’Ethique en matière d’Expérimentation Animale no. 4, Paris, France].

Embryo transfers were used to limit the impact of environmental 
factors on composition of the gut microbiota. For this, 20 embryos 
from WT or Nod2KO mice were mixed and transferred into the uterus 
of pseudopregnant C57BL/6 female mice. WT or Nod2KO pups were 
separated from their mother at weaning and were subsequently co-
housed [maintained in the same cage].

All mice were euthanised at 10 weeks of age. Samples from each 
mouse included mucosal scrapings of 2 cm from terminal ileum and 
colon for bacterial analysis as well as tissue from ileum and colon to 
assess host gene expression.

2.2. Quantitative real-time polymerase chain 
reaction for gene expression analysis
RNA was extracted from ileum and colon tissues using the NucleoSpin 
RNA II Kit [Macherey-Nagel, France], converted to cDNA using ran-
dom hexonucleotides, and then used for real-time polymerase chain 
reaction [RT-PCR] as previously described.25 Quantitative [q]PCR 
was performed with QuantiTect SYBR Green PCR Kit [Applied, 
France] using specific sense and antisense primers [see Table S1, avail-
able as Supplementary data at ECCO-JCC online]. After amplification, 
threshold cycles [Ct] were determined to obtain expression values in 
form of 2-∆∆Ct. The investigated genes included: RegIII-γ [regenerating 
islet-derived protein 3-gamma] and RegIII-β [regenerating islet-derived 
protein 3-beta], bactericidal C-type lectins that specifically target Gram-
positive bacteria; Muc2, Muc3, Muc4, and Muc13 are protein constitu-
ents of mucus lining the intestinal epithelium; TFF3 [intestinal trefoil 
factor] is largely restricted to goblet cells of the small and large intestine; 
Fc-γ binding protein [Fc-γ Bp] is expressed in the granular mucus of 
goblet cells and contributes to cross-linkage and stabilisation of mucin 
networks in the inner mucus layer26; and Ang4 [angiogenin 4] which 
has been identified as a Paneth cell-derived antimicrobial peptide which 
is important for epithelial host defence against gut-dwelling bacteria 
in the small intestine.27 Lysozyme [pLys] and secretory phospholipase 
A2 [sPLA2] are secreted by Paneth cells.28 MMP-7 [matrix metallopro-
teinase-7] regulates the activity of cryptdins in the intestinal mucosa. 
Cryptdin [α-defensin] includes cryptdin-1, cryptdin-5, and cryptdin-6; 
cryptdin-related sequence 1C [CRS1C] and pan-cryptdin are common 
to all cryptdins except cryptdin-4 and cryptdin-5, both of which are 
secreted by Paneth cells against Gram-positive and -negative bacteria.28,29

2.3. Microbial DNA extraction and 454 
pyrosequencing of gut microbiota
Total DNA was extracted from 70 mucosal scrapings as previ-
ously described,14,30 using both physical and chemical lysis. DNA 
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concentrations were determined spectrophotometrically using a 
Nanodrop [Thermo Scientific]. Microbial composition was assessed by 
454 pyrosequencing [GS FLX Ti technology] targeting the V3-V4 region 
of the bacterial 16S rRNA gene [V3fwd: 5’TACGGRAGGCAGCAG3’, 
V4rev: 5’GGACTACCAGGGTATCTAAT3’]. Sequences were 
trimmed to remove barcodes and PCR primers and were subse-
quently selected for a minimal sequence length of 300 pb, a minimal 
base quality threshold of 27, and a maximum homopolymer length 
of 6.  Sequences were further clustered into OTUs [Operational 
Taxonomic Units or phylotypes] at 97% of identity using QIIME31 
and cd-hit.32. OTU representative sequences were assigned to the 
different taxonomic levels [from phylum to genus and first relative 
bacterial species] using RDP Seqmatch [RDP database, release 11, 
update 1].33 Relative abundance of each OTU and other taxonomic 
levels [from phylum to genus] was calculated for each sample in order 
to take into account different sampling levels across multiple indi-
viduals. After trimming, numbers of sequences clustered within each 
OTU [or other taxonomic levels] were converted to a fraction repre-
senting the relative contribution of each feature to the corresponding 
individual. For analysis of microbiota, all statistics were performed 
using R [ade4 package]. For heatmap representations, log10-trans-
formation was applied on the relative abundance data matrix. This 
allowed visualisation of similarities or differences between samples 
that affect members of the community, that may account for less than 
1% of the relative abundance in a sample. Hierarchical clustering 
was computed based on Pearson’s correlation coefficient using the 
Ward distance. Spearman rank correlation was applied to analyse 
associations between variations in antimicrobial peptide and mucin 
expression levels and bacterial genera composition. Principal com-
ponents analysis [PCA] was computed based on bacterial taxonomic 
composition and statistically assessed by Monte Carlo rank test. 
Robustness of each clustering result was assessed using Monte Carlo 
rank test [B = 10 000 repetitions, p < 0.05].34 Mann-Whitney testing 
was applied to assess statistical significance of differences in bacterial 
compositions between samples.

2.4. Paracellular permeability and bacterial 
translocation
Biopsies from PPs, ileum, or colon were mounted in Ussing cham-
bers, exposing 0.196 cm2 of tissue surface to 1.5 ml of circulating 
oxygenated Ringer solution at 37°C. Paracellular permeability was 
assessed by measuring the mucosal-to-serosal flux of 4 kDa FITC-
dextran22 [Sigma, France]. Bacterial translocation across PPs was 
studied using chemically killed fluorescein-conjugated Escherichia 
coli K12 at a final concentration of 107 CFU/ml in the mucosal res-
ervoir, as previously shown.35

2.5. Peyer’s patch analysis
PPs were dissected from mice and washed with cold phosphate-
buffered saline [PBS]. Cell suspensions from PPs were prepared 
by manually extracting the cells using a previously validated 
protocol.23 Cells were centrifuged, washed in PBS, and erythro-
cytes were lysed by addition of Gey’s solution. Cells from PPs 
were re-suspended in 2 ml of PBS and counted. For flow cyto-
metric analysis, cell suspensions [105 cells] were incubated with 
PE-, FITC-, APC, or PerCP-conjugated monoclonal antibod-
ies [mAbs] against mouse CD3, CD4, CD8, CD11c and CD19 
[BD Biosciences]. Labelled cells were analysed with a BD-LSR II 
cytometer and CELLQuest software [BD Biosciences] as previ-
ously described,36

2.6. Histological analysis
Samples of ileum and colon for wild-type and Nod2KO mice [n = 4/
group] were fixed in formalin and routinely processed. Orientation 
of the crypts by haematoxylin and eosin and thus periodic acid–
Schiff staining and lysozyme (monoclonal antibody [ABD serotec], 
dilution 1/200 on paraffin sections using Bond Max Leica auto-
mate) immunohistochemistry were performed, highlighting goblet 
and Paneth cells, respectively. We assessed the number of goblet and 
Paneth cells for 50 ileal and colonic crypts.

2.7. Statistical analysis
Multigroup comparisons were performed via one-way analysis of 
variance [ANOVA] followed by a Bonferroni multiple compari-
son test including a p-value correction according to the number of 
tests performed. Gaussian distribution was tested by Kolmogorov-
Smirnov testing. Statistical analyses were performed using GraphPad 
Prism 5.00 [GraphPad Software]. A value of p < 0.05 was considered 
statistically significant. All p-values were considered two-sided.

3. Results

3.1. Nod2 deficiency leads to specific mucosa-
associated microbial dysbiosis
To investigate the impact of Nod2 deficiency on the mucosa-associ-
ated microbial composition, mucosal scrapings from terminal ileum 
and distal colon were examined in wild-type [WT], Nod1KO [control 
of specificity toward Nod2], and Nod2KO mice. Nod2 deficiency led 
to a higher proportion of Bacteroidetes and a lower representation of 
Firmicutes in colon but not in ileum [Figure 1A and Supplementary 
Figure 1A, available as Supplementary data at ECCO-JCC online]. 
Nod2KO mice exhibited an increase in the relative number of bacte-
ria assigned to the Porphyromonadaceae family and a concomitant 
decrease in bacteria from Lachnospiraceae in colon compared with 
WT mice [Figure 1B]. In contrast, the proportion of Lactobacilaceae 
and Deferribacteraceae families was increased in Nod1KO mice 
[Figure 1B]. A hierarchical clustering dendrogram based on colonic 
bacterial genera distribution allowed discrimination between the 
three mouse strains [Figure  1C]. Principal components analysis 
[PCA] at the genus level confirmed that bacterial communities in 
Nod2KO mice differ from the microbial composition in Nod1KO and 
WT control mice, highlighting that the genetic defects contributed 
to changes in the microbial composition [Figure 1C, Monte-Carlo 
test p = 10–5].

In particular, the colonic mucosa from Nod2KO mice displayed 
higher proportions of bacteria assigned to the genus Barnesiella and 
unclassified Porphyromonadaceae and lower levels of Clostridium 
IV as compared with WT mice [Supplementary Figure 1B]. When 
compared with Nod1KO mice, Nod2KO mice had higher levels of 
Parabacteroides but were deprived of the Turicibacter genus in 
ileum and colon, highlighting bacterial dysbiosis specific to Nod2 
deficiency [Supplementary Figure 1B and 1C]. In addition, Gram-
negative bacterium cL10-2b-4 [Barnesiella genus] and Gram-
negative bacterium cTPY-13 [unclassified Porphyromonadaceae] 
were the main species detected in the colon [Supplementary 
Figure 2A, available as Supplementary data at ECCO-JCC online]. 
In terminal ileum, the percentage of sequences similar to segmented 
filamentous bacteria X77814 [SFB] varied between all groups of 
mice [Supplementary Figure  1C and 2B]. However, these results 
did not allow a reliable conclusion in favour of specific Nod2-
associated ileal dysbiosis.
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3.2. Nod2 deficiency leads to dominant mucosa-
associated microbial dysbiosis
The gut microbiota is in part maternally transmitted, and long-term 
breeding of isolated mouse colonies may result in marked differ-
ences between mouse strains.37 To normalise the microbial colonisa-
tion of WT and Nod2KO pups, we conducted embryo transfer [ET] 
experiments. Embryos from Nod2KO and WT mice were mixed and 
transferred to pseudopregnant WT recipient mothers. After birth, 
littermate pups [referred to as WT_ET and Nod2KO_ET] were main-
tained in the same cage. At 10 weeks of age, ileal and colonic micro-
bial composition of WT_ET and Nod2KO_ET pups was similar at 
both phylum and family levels, but differed significantly from that of 

their WT mothers [Figure 1A and B and Supplementary Figure 1A]. 
WT_ET and Nod2KO_ET pups exhibited similar microbial com-
positions at the phylum [Figure 1A] and family [Figure 1B] levels 
when compared with Nod2KO mice. Moreover, increased percent-
ages of bacterial species like the Gram-negative bacterium cL10-
2b-4 [Barnesiella genus] and Gram-negative bacterium cTPY-13 
[unclassified Porphyromonadaceae] were observed in the colon of 
WT_ET and Nod2KO_ET mice [Supplementary Figure 2A, available 
as Supplementary data at ECO-JCC online]. These results suggested 
that co-housing was responsible for equilibration of the microbial 
flora and also indicated that the microbiota of Nod2KO mice was 
transmissible to WT mice.
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Figure 1. Nod2 deficiency induces specific and dominant bacterial dysbiosis in colon. Proportion of colonic microbiota at phyla [A] and family [B] level in 
C57BL/6 wild-type [WT], Nod1KO, and Nod2KO mice and mice obtained by embryo transfer [ET]. [C] Principal component analysis and hierarchical clustering 
based on bacterial composition at genus level, highlighting that colonic microbiota is dependent on genotype. [D] Colonic microbiota from WT_ET and Nod2KO_
ET mice is different from bacterial communities from their mother. Principal component analysis [E] and hierarchical clustering [F] based on genus bacterial 
composition in WT_ET and Nod2KO_ET mice clustered with Nod2KO mice that differ to Nod1KO and WT mice. One point indicates one mouse; mean ± standard 
error of the mean [SEM]; *p < 0.05, **p < 0.01, and ***p < 0.001 vs indicated groups.
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3.3. The levels of proteins secreted by the 
epithelium are correlated with the microbial 
composition.
To define whether defective secretion of antimicrobial peptides or 
other proteins by the epithelium might contribute to dysbiosis, gene 
expression was investigated by quantitative PCR in ileal and colonic 
biopsies. Expression of RegIIIγ, RegIIIβ, and sPLA2 was decreased 
in the ileum of Nod2KO mice [Figure 2]. Noteworthy, expression of 
pLys, Ang4, Mmp7, pan-cryptdin marker [Figure 2], CRS1C, crypt-
din-1, cryptdin-5, and cryptdin-6 [data not shown] was not altered 
in Nod2KO mice. Trefoil factor 3 [TFF3], Fc-fragment of IgG binding 
protein [Fc-γ Bp], and Muc4 were expressed at higher levels in ileum 
and colon of Nod2KO mice [Figure 2]. In contrast, ileal and colonic 
biopsies from Nod1KO mice displayed distinct profiles from Nod2KO 
mice, highlighting that antimicrobial peptides and mucins were 
induced by different pathways [Figure 2]. Gene expression was also 
determined in the ET model. Expression levels of RegIIIγ, RegIIIβ, 
sPLA2, TFF3, and Fc-γ Bp in WT_ET and Nod2KO_ET mice were 
similar to those observed in Nod2KO mice. However, the gene expres-
sion profiles in WT mothers were unchanged [Figure 2]. PCA con-
firmed that host gene expression was driven not only by the genetic 
background but also by composition of the gut microbiota [Figure 2]. 

Moreover, the alteration of gene expression of both antimicrobial 
peptides and mucins was independent of the number of Paneth and 
goblet cells in ileal but not in colonic crypts [Supplementary Figures 
2C and D, available as Supplementary data at ECCO-JCC online].

To further investigate the possible relationship between gene 
expression, microbial dysbiosis, and Nod2 deficiency, we corre-
lated specific bacterial communities and the expression of specific 
genes in all mouse strains [Supplementary Figure  3, available as 
Supplementary data at ECCO-JCC online]. The decreased level of 
ileal RegIIIγ mRNA was positively correlated with the proportion 
of Barnesiella irrespective of the genetic background [Figure  3A]. 
Fc-γ Bp expression was positively correlated with unclassified 
Lachnospiraceae, whereas a negative correlation was observed 
between Muc4 expression and the proportions of Barnesiella in both 
ileum and colon [Figure 3].

3.4. Nod2 specifically controls GALT function 
independent of gut microbial composition.
Nod2KO mice have enlarged PPs22,38 characterised by increased 
numbers of pro-inflammatory cytokine secreting CD4+ T 
cells.22,23,38 Enlarged PPs were observed in Nod2KO but not in 
Nod1KO mice, indicating the specificity of GALT alteration. In 
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Figure 2. mRNA expression of antimicrobial peptides and mucins. mRNA expression of host genes was measured by quantitative polymerase chain reaction 
[Q-PCR] in the ileum and colon. Data are expressed in fold-increase using the 2-∆∆Ct method; mean ± standard error of the mean [SEM]; *p < 0.05, **p < 0.01, 
***p < 0.001 vs indicated groups. Principal component analysis based on mRNA expression in ileum and in colon highlighting that host gene expression is 
dependent on bacterial composition and genotype. Each data point indicates one mouse.
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addition, Nod2KO but not Nod1KO mice were characterised by 
an increase in CD4+ T cells and a decrease in CD8+ T cells, B 
cells, and dendritic cells [Figure 4A]. Despite the fact that WT_ET 
showed bacterial dysbiosis similar to Nod2KO_ET mice, PP size 
and immune cell composition was similar to those observed in 
WT mice [Figure 4A]. GALT anomalies in Nod2KO_ET mice were 
comparable to Nod2KO mice, highlighting that the specific role of 
Nod2 for regulation of GALT structure is independent of dysbi-
otic microbiota.

Nod2KO mice are characterised by an increase of intestinal 
paracellular permeability and bacterial translocation across 
PP.22,23 To investigate whether this phenotype is dependent on 
Nod2 deficiency, we compared gut permeability in Nod1KO and 
Nod2KO mice. In fact, elevated FITC-dextran levels in serum as 
well as increased intestinal paracellular permeability in PPs, ileum, 

and colon were observed in Nod2KO but not in Nod1KO mice 
[Figure 4B]. Furthermore, unlike Nod1KO mice, Nod2KO mice were 
more permissive to translocation of E. coli K12 across PPs, indi-
cating that only Nod2 is involved in regulation of intestinal bar-
rier function. Moreover, in contrast to WT_ET mice, Nod2KO and 
Nod2KO_ET mice exhibited increased paracellular permeability 
and bacterial translocation [Figure 4B]. These results demonstrate 
that Nod2 specifically controls epithelial barrier function indepen-
dently of gut microbiota.

4. Discussion

CD and related NOD2 mutations have been associated with 
modifications of gut microbial communities in both humans and 
mice.13,14,15,16,39 We here confirm that Nod2 deficiency is associated 

Figure 3. Specific bacteria correlate with antimicrobial peptide and mucin mRNA expression. Spearman correlations between ∆Ct derived from quantitative 
polymerase chain reaction [qPCR] analyses for host genes and bacterial genera proportions in ileum and colon of wild-type [WT], Nod2KO, and WT_embryo 
transfer [ET], Nod2KO_ET and mother [M] mice [n = 7–9 per group]. Only recurrent correlations are shown.

D
ow

nloaded from
 https://academ

ic.oup.com
/ecco-jcc/article/10/12/1428/2706994 by guest on 23 April 2024



1434 Z. Al Nabhani et al.

with intestinal microbial dysbiosis. However, the strong variability 
of the operational taxonomic units assigned to SFB37,40 in the ileum 
does not allow firm conclusions.

Because a drift of microbiota composition may be seen between 
animals reared apart, we carefully looked for a ‘cage effect’, without 
success [data not shown]. Because a cage effect has been related to 
Helicobacter infections,41 we also carefully monitored our animal 
facility but we were not able to detect any infection. On the con-
trary, the homogeneous data set obtained across all mouse models 
indicates that Nod2-associated microbial dysbiosis is a robust trait. 
Bacterial dysbiosis in Nod2KO mice was particularly characterised 
by an excess of Barnesiella and unclassified Porphyromonadaceae 
[Bacteroidetes] and a decreased proportion of Clostridium XIVa 
and unclassified Lachnospiraceae [Firmicutes]. These results are in 
accordance with the changes that were reported in CD patients. 

Finally, bacterial dysbiosis is specific to Nod2 deficiency since it dif-
fers from that observed in Nod1KO mice.

It has been previously reported that separately elevated Nod2KO 
and WT mice show differences in microbial composition,16 whereas 
co-housed WT and Nod1KO or Nod2KO mice shared the same micro-
biota17,18. The present data conciliate between these apparently 
opposite results. Nod2KO mice obtained by ET acquired a micro-
biota different from their WT mothers, confirming the impact of 
Nod2 deficiency in the active acquisition of dysbiosis. However, 
the acquired dysbiosis was transmissible to WT animals, confirm-
ing the homogenisation of the gut flora between co-housed mice 
[likely through coprophagy]. Of note, the transmission of dysbio-
sis to co-housed WT mice was also reported for ASCKO, NLRP6KO, 
and CD45KO mice42,43. If confirmed in humans and assuming that 
the microbiota contributes to CD development, a common dysbiosis 
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relative number of cells expressing CD3, CD4, CD8, CD19, or CD11c was assessed by flow cytometry. [B] Paracellular permeability and E. coli K12 translocation 
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shared by people in close contact could explain the high incidence 
of CD observed in spouses and the non-random distribution of CD 
patients within multiplex sibships.44

Bacterial dysbiosis in Nod2KO mice was accompanied by changes 
in the secretion of luminal proteins by epithelial cells. A similar link 
between microbiota and the protein secretion profile was found in all 
experimental models investigated. In fact, WT mice which acquired 
bacterial dysbiosis from Nod2KO mice by co-housing shared the same 
gene expression profile. This observation may explain discrepancies 
in mRNA expression of α-cryptdins15,20,45 or RegIIIγ,17,18 depending 
on animal housing conditions. Our results also point out possible 
feedback loops between host gene expression and specific bacterial 
components.

NOD2 deficiency in humans and mice is characterised by a 
gut barrier defect and excessive GALT activation. Accordingly, our 
animal models showed that alterations of intestinal permeability 
and GALT were closely linked. The association of an increased gut 
permeability and abnormality of mucosal lymphocytes was previ-
ously reported in Nod2KO mice, thereby underlining the intrinsic 
role of Nod2 independently of animal housing46. Although bacterial 
dysbiosis drives neither GALT nor intestinal barrier dysfunctions, 
antibiotic treatment was sufficient to normalise barrier function and 
GALT in Nod2KO mice.23 Thus, microbiota is involved in gut mal-
function but microbial dysbiosis has no specific impact. Our find-
ings are consistent with the absence of inflammatory markers in 
WT mice co-housed with Nod2KO although both harbour the same 
grade of dysbiosis.13

In conclusion, our results show that microbial dysbiosis asso-
ciated with Nod2 deficiency is specific and is transmissible to WT 
mice. Microbial dysbiosis alters expression of mucins and antimi-
crobial peptides but has no effect on intestinal permeability or gut-
associated lymphoid tissue.
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