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A specific gene-microbe interaction drives the 
development of Crohn’s disease–like colitis in mice
R. Caruso1,2, T. Mathes1,2, E. C. Martens3, N. Kamada4, A. Nusrat1, N. Inohara1, G. Núñez1,2*

Bacterial dysbiosis is associated with Crohn’s disease (CD), a chronic intestinal inflammatory disorder thought to 
result from an abnormal immune response against intestinal bacteria in genetically susceptible individuals. However, it is 
unclear whether dysbiosis is a cause or consequence of intestinal inflammation and whether overall dysbiosis or specific 
bacteria trigger the disease. Here, we show that the combined deficiency of NOD2 and phagocyte NADPH oxidase, 
two CD susceptibility genes, triggers early-onset spontaneous TH1-type intestinal inflammation in mice with the 
pathological hallmarks of CD. Disease was induced by Mucispirillum schaedleri, a Gram-negative mucus-dwelling 
anaerobe. NOD2 and CYBB deficiencies led to marked accumulation of Mucispirillum, which was associated with im-
paired neutrophil recruitment and killing of the bacterium by luminal neutrophils. Maternal immunoglobulins against 
Mucispirillum protected mutant mice from disease during breastfeeding. Our results indicate that a specific intestinal 
microbe triggers CD-like disease in the presence of impaired clearance of the bacterium by innate immunity.

INTRODUCTION
Crohn’s disease (CD), one of the major forms of inflammatory bowel 
disease (IBD), is a complex disorder marked by chronic relapsing 
inflammation driven by CD4+ T helper 1 (TH1) cells (1, 2). Although 
CD can affect any part of the gastrointestinal tract, more than 60% 
of patients have colonic involvement, 20% have isolated colitis, and 
the remaining patients have both ileal and colonic disease (3). The 
prevalence of adult-onset IBD has plateaued in industrialized coun-
tries, but recent population-based studies from North America and 
Europe suggest a rapid increase in pediatric-onset IBD, particularly 
in children younger than 10 years of age (4–6). Lesions in very-early-onset 
IBD (VEOIBD), a subgroup of pediatric IBD that includes patients 
experiencing symptoms at an age less than 6 years, are often restricted 
to the colon (7). Thus, determining the factors that regulate host- 
microbial interactions and promote the development of colitis is of 
great clinical and scientific interest.

The pathogenesis of CD is complex and still poorly understood. 
CD is believed to be caused by a confluence of genetic and environ-
mental factors that alter gut homeostasis, triggering disease in ge-
netically susceptible individuals (8). Genetic studies have identified 
more than 200 susceptibility loci for IBD, roughly 40 of which are 
unique to CD (9), and many of them regulate host immune responses 
to bacteria (10). The most influential gene for CD susceptibility iden-
tified so far is nucleotide-binding oligomerization domain–containing 
protein 2 (NOD2) (11, 12). NOD2, a member of the intracellular NOD- 
like receptor family, is activated by muramyl dipeptide (MDP), a 
conserved motif in peptidoglycan from both Gram-negative and 
Gram-positive bacteria (13, 14). In response to MDP, NOD2 induces 
antimicrobial and pro-inflammatory responses that are impaired in 
the three common CD-associated NOD2 variants (R702W, G908R, 
and L1007insC) (14, 15). However, the great majority of individuals 
homozygous or compound heterozygous for NOD2 variants do not 

develop CD (16). Consistently, no spontaneous intestinal inflamma-
tion occurs in Nod2-deficient mice housed under specific pathogen– 
free (SPF) conditions (17, 18). Overall, these observations suggest 
that impaired NOD2 function leading to disease requires the presence 
of additional genetic hits and/or the presence of specific disease- 
causing microbes. CD is also associated with mutations in genes 
encoding components of the phagocyte NADPH [reduced form of 
nicotinamide adenine dinucleotide phosphate (NADP+)] oxidase 
complex that kill bacteria via oxidative burst (19, 20). Patients with 
NADPH gene mutations are more likely to have perianal disease and 
complications than children with CD without these mutations (21). 
In addition, up to 40% of patients with chronic granulomatous 
disease, a condition caused by homozygous mutations in CYBB/NOX2 
or related NADPH subunits, develop CD-like disease in the colon (22). 
Thus, understanding how NOD2 and NADPH oxidase promote the 
development of CD is critical for understanding disease pathogenesis.

Patients with CD harbor a dysbiotic microbiota (23, 24). Consistent 
features of dysbiosis in CD are decreased community diversity and a 
shift in bacterial taxa, including a depletion of members of the phyla 
Firmicutes and Bacteroidetes and an expansion of Proteobacteria 
(25–28). A recent cohort study in pediatric treatment-naïve patients 
with CD reported that the extent of intestinal dysbiosis correlates with 
disease severity (29). However, it is unclear whether CD-associated 
dysbiosis plays a causal role or is secondary to inflammation. Despite 
these associations, searches for organisms causing CD have not led 
to the identification of a specific pathogen/pathobiont. One problem 
with identifying microbes that directly contribute to CD pathogenesis 
is that microbiota studies are typically performed in inflamed tissue, 
and thus, detection of rare causative microbes could be obscured by 
inflammation-driven dysbiosis. In this context, several studies have 
shown that defined communities of microbes or single organisms 
can trigger intestinal inflammation in genetically susceptible animal 
models (30–32). However, most or all of these findings rely on the 
identification of pathogenic bacteria in the inflamed intestine of sus-
ceptible mice or monoassociation of colitogenic microbes in germ-
free animals. Thus, it is still unclear whether potentially pathogenic 
microbes can be identified before the development of intestinal 
inflammation. In addition, a microbial community or specific bacteria 
that can trigger disease with pathology comparable to that observed in 
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humans in the presence of CD-associated mutations, such as NOD2, 
have yet to be identified. Here, we show that the combined defi-
ciency of two CD-related genes (NOD2 and phagocyte NADPH oxidase/ 
CYBB) triggers spontaneous colitis with the classical pathological hall-
marks of CD. The development of CD-like disease is triggered by 
the presence of Mucispirillum schaedleri, a mucus-dwelling Gram- 
negative symbiotic bacterium. Mechanistically, the absence of NOD2 
and CYBB led to a selective luminal and mucosal accumulation of 
Mucispirillum that was associated with impaired recruitment of neu-
trophils and killing of the bacterium by neutrophils.

RESULTS
Doubly deficient Nod2/Cybb mice develop spontaneous 
CD-like colitis when exposed to a specific microbiota
Defective NOD2 function is not sufficient to trigger CD (17, 18, 33). 
To assess whether impaired killing of bacteria can promote intesti-
nal inflammation in the absence of Nod2, we crossed Nod2−/− mice 
with mutant mice deficient in CYBB (gp91phox) that clear bacteria 
poorly due to a profound defect in phagocyte oxidative burst gener-
ation (34). Because the microbiota has been linked to CD (23, 24), 
we fostered newborn wild-type (WT), Nod2−/−, Cybb−/−, and doubly 
deficient Nod2−/−Cybb−/− (DKO) mice to C57BL/6 mice purchased 
from either Taconic Biosciences (Tac) or the Jackson Laboratory (Jax), 
known to harbor different microbiota (Fig. 1A) (35). Unlike DKO 
mice fostered to Jax dams (Jax-DKO), both male and female DKO 
mice fostered to Tac dams (Tac-DKO) developed spontaneous colitis, 
shortly after weaning (~4 weeks of age), which was characterized 
by skip lesions with crypt architectural distortion, crypt abscesses, 
transmural inflammatory cell infiltrates, and narrow ulcers, which 
are pathological hallmarks of CD (Fig. 1, B to D). The CD-like in-
flammation was restricted to the ceca and colons and involved up to 
a third of the large intestine in Tac-DKO (Fig. 1C). CD-like inflam-
mation in Tac-DKO mice was associated with marked increase in 
the fecal levels of lipocalin-2 (Lcn-2) (Fig. 1E), a marker of intestinal 
inflammation (36). Time course analysis of Lcn-2 levels revealed that 
Tac-DKO mice experienced a relapse of intestinal inflammation 
(12 weeks of age) when compared with Jax-DKO animals, albeit to a 
lesser extent than mice that were recently weaned (Fig. 1F). During 
the relapse, skip lesions with crypt architectural distortion and 
mucosal inflammatory cell infiltrates were found in the colons of 
Tac-DKO mice at older age (12 weeks of age) (fig. S1, A and B), indi-
cating that the colonic lesions in these mice did not become confluent 
over time. Moreover, intestinal inflammation improves in Tac-DKO 
mice with aging (16 weeks of age and beyond) (Fig. 1F). No signs of 
intestinal inflammation were observed in either Nod2−/− or Cybb−/− 
mice fostered to the same Tac mothers (Fig. 1, C and E). About 30% 
of Tac-DKO mice did not display overt colitis immediately after 
weaning (Fig. 1E), but this subgroup of Tac-DKO mice developed 
intestinal inflammation within 2 to 3 weeks after weaning as assessed 
by fecal Lcn-2 (fig. S2, A and B). Collectively, these results indicate 
that the combined deficiency of Nod2 and NADPH oxidase activity 
triggers CD-like colitis in the presence of a specific microbiota.

CD-like inflammation in Nod2−/−Cybb−/− mice is TNF 
dependent and characterized by TH1 immune responses
Because effector T cells, predominantly TH1 cells, play a central role in 
the pathogenesis of tissue damage in CD (1, 2), we next character-
ized the mucosal inflammatory infiltrates in this spontaneous model 

of CD-like colitis. Flow cytometry analysis revealed marked accu-
mulation of CD4+ T cells and neutrophils in the inflamed intestine 
of Tac-DKO mice when compared with Jax-DKO, Tac-fostered 
WT (Tac-WT), Tac-fostered Nod2−/− (Tac-Nod2−/−), and Cybb−/− 
(Tac-Cybb−/−) mice (Fig. 2, A and B). No differences were ob-
served between colitic Tac-DKO and the other mouse groups in the 
total number of CD8+ T cells, MHCIIhighGr1−CD11b+CD11c− 
(macrophages), MHCIIhighGr1−CD11b−CD11c+ (dendritic cells), 
CD11b+Ly6G−Ly6C+ (inflammatory monocytes), and CD19+ (B 
cells) in the intestinal tissue (fig. S3, A to E), except for B cells and 
CD8+ T cells that were more abundant in Tac-DKO mice when 
compared with Jax-DKO animals (fig. S3, D and E). A higher num-
ber of lamina propria mononuclear cells (LPMCs) was retrieved 
from the inflamed intestine of Tac-DKO mice, although the differ-
ence was statistically significant only when compared with Jax- 
fostered animals (fig. S3F). Analysis of LP cells revealed increased 
mRNA and protein levels of tumor necrosis factor– (TNF) and 
enhanced transcript levels of interferon- (IFN-) (Fig. 2, C to E). 
Consistently, evaluation of cytokine-producing LP T cells showed 
an increase in the percentage of IFN-–producing CD4+ T cells in 
colitic Tac-DKO mice when compared with other Tac- and Jax- 
fostered mice (Fig. 2F and fig. S4G). Additional analyses showed 
increased expression of interleukin-6 (IL-6) and IL-1, but not 
IL-17A or IL-17F, in the inflamed intestine of Tac-DKO mice when 
compared with other fostered mice (fig. S4, A to E, and fig. S4H). 
Moreover, increased expression of Foxp3 was detected in the in-
flamed intestine of Tac-DKO mice when compared with Jax-DKO 
and Tac-WT animals (fig. S4F). Similar to patients with CD, in 
which anti-TNF agents are effective for the treatment of disease 
(37), administration of neutralizing TNF antibody to colitic Tac-
DKO mice inhibited intestinal inflammation (Fig. 2, G and H), 
which correlated with decreased levels of fecal Lcn-2 (Fig. 2I). Over-
all, these results indicate that combined deficiency of Nod2 and 
Cybb triggers CD-like TH1-associated colitis when exposed to a 
specific microbiota.

Combined deficiency of Nod2 and Cybb led to a selective 
accumulation of the Mucispirillum pathobiont
The observation that a specific microbiota is required to elicit colitis 
in DKO mice suggested that particular bacterial species may trigger 
disease. To address this, we analyzed the microbiota composition in 
the feces of both Jax- and Tac-fostered mice. The  diversity did not 
differ between Tac- and Jax-fostered mice as measured by the Shannon 
diversity index (Fig. 3A). Furthermore, the  diversity was not cor-
related with fecal Lcn-2 levels in Tac-DKO mice (Fig. 3B). Analysis 
of  diversity using yc distance that measures differences in taxo-
nomic abundance profiles revealed a marked dissimilarity in the 
community structure of the gut microbiota between Jax and Tac 
mothers (Fig. 3C). After fostering to Tac mothers, Jax-DKO, Cybb−/−, 
Nod2−/−, and WT pups acquired a microbiota that resembled that 
of their foster Tac mothers independently of genotype (Fig. 3C). 
Because dysbiosis can be the result of intestinal inflammation, we 
analyzed the gut microbiota composition in Tac-DKO pups before 
the onset of colitis [Tac-DKO not inflamed (NI)] (fig. S5, A to E). 
Consistent with the known differences in the microbiota composi-
tion between Jax and Tac mice (35), linear discriminant analysis 
(LDA) effect size (LEfSe) methodology revealed the presence of 
multiple bacterial operational taxonomic units (OTUs) that were 
differentially abundant in the microbiota of Jax-DKO mice when 
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compared with Tac-DKO mice before the onset 
of colitis (Tac-DKO NI) (fig. S6A). To narrow 
down the list of potential bacterial candidates 
and to identify colitogenic bacteria present in 
the Tac microbiota, we focused our analysis on 
Tac-fostered mice. Further LEfSe analysis re-
vealed a remarkable increase (1349-fold) in one 
specific OTU in the microbiota of Tac-DKO NI 
mice but not in the microbial community of ei-
ther Tac-Cybb−/− or Tac-Nod2−/−, when compared 
with Tac-WT animals (Fig. 3D and table S1). 
This specific OTU belongs to M. schaedleri, an ob-
ligate Gram-negative anaerobe that is a member of 
the Deferribacteraceae family and mucus inhabi-
tant of the murine intestine (38). Mucispirillum 
was detected in Tac-fostered mice but not in Jax- 
fostered animals by quantitative real-time poly-
merase chain reaction (qPCR) analysis using 
bacterium-specific primers (Fig. 3E). Although 
Mucispirillum was detected in Tac- fostered sin-
gle Nod2 and Cybb mutant mice, marked accu-
mulation of Mucispirillum only occurred in 
colitic Tac-DKO mice and in the same animals 

Fig. 1. Doubly deficient Nod2/Cybb mice develop early- 
onset spontaneous CD-like colitis when exposed to a 
specific microbiota. (A) Schematic representation of the 
experimental design for fostering experiments. WT or mutant 
pups were fostered to either Jackson (Jax) or Taconic (Tac) 
dams within 2 days after birth. Six groups of fostered 
mice were generated: Tac-DKO, Jax-DKO, Tac-WT, Jax-WT, 
Tac-Nod2−/−, and Tac-Cybb−/−. (B) Representative his-
tology of H&E-stained colonic sections from ~4-week-old  
Jax-DKO and Tac-DKO mice. Top panels show colonic rolls 
with inflamed areas (red) and uninflamed areas (green). Scale 
bars, 1000 m. Bottom panels show high-powered imag-
es. The arrowhead shows a narrow and deep ulcer. Black 
arrows indicate colonic transmural inflammation and 
regenerating crypt epithelia in Tac-DKO; green arrows 
show uninvolved colon in Jax-DKO. Scale bars, 500 m. 
(C) Quantification of inflammatory involvement in colons 
of ~4-week-old fostered mice. Graphs indicate mean ± SD 
of at least five individual mice. One-way analysis of vari-
ance (ANOVA) followed by Tukey’s multiple comparisons 
test. ****P < 0.0001, data are from four independent experi-
ments. (D) Histopathological scores of cecal and colonic 
tissues from Tac-DKO (n = 10) and Jax-DKO (n = 5) mice. Bars 
show median; data are from three independent experi-
ments. Two-tailed Mann-Whitney U test. ***P = 0.0003. 
(E) Fecal Lcn-2 concentration in Tac-DKO (n = 38), Jax-DKO 
(n = 24), Tac-WT (n = 20), Jax-WT (n = 19), Tac-Nod2−/− (n = 16), 
Tac-Cybb−/− (n = 16), Tac C57BL/6 (Tac B6) (n = 10), and Jax 
C57BL/6 mice (Jax B6) (n = 10). Non-fostered Tac C57BL/6 
(Tac B6) and Jax C57BL/6 (Jax B6) mice are included as con-
trols. Bars show median; data are from three independent 
experiments. (F) Lcn-2 concentration was measured over 
time in fecal samples from Tac-DKO (n ≤ 12) and Jax-DKO 
(n ≤ 7) mice. Bars show median; data are pooled from three 
independent experiments. (E and F) Kruskal-Wallis test 
followed by Dunn’s post test. *P < 0.05; **P < 0.01; ***P < 
0.001; ****P < 0.0001; N.S., not significant.
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before the onset of colitis (Fig. 3E). Consistent with the local-
ization of this bacterium in the intestinal mucus layer (38), 
Mucispirillum was detected in colonic mucus scrapings har-
vested from Tac-fostered mice but not from Jax-fostered ani-
mals (fig. S6B). Accumulation of Mucispirillum in mucus 
scrapings occurred in Tac-DKO mice, regardless of the pres-
ence of intestinal inflammation, and in Tac-Nod2−/− animals, 
but less in Tac-Cybb−/− mice (fig. S6B). Furthermore, no differ-
ences in the abundance of another mucus-dwelling bacterium, 
namely, Akkermansia muciniphila, were found in colonic mucus 
among Jax- and Tac-fostered mice (fig. S6C), suggesting that 
the accumulation of Mucispirillum in intestinal mucus of Tac- 
fostered DKO mice is specific. Higher levels of Mucispirillum 
were observed in inflamed colonic areas versus uninflamed 
intestinal regions using laser microdissection in Tac-DKO mice 
(fig. S7, A and B), indicating that colonic inflammation is as-
sociated with accumulation of Mucispirillum within the intes-
tinal wall in Nod2−/–Cybb−/− mice. In contrast, Mucispirillum 
was barely detected in spleens and livers of either Jax- or 
Tac-fostered mice (fig. S7, C and D), suggesting that this bac-
terium does not spread systemically in these mice. Consistent 
with previous studies (35), segmented filamentous bacterium 
(SFB) was detected in the ileum of Tac mice, and much less in 
the feces of WT and Cybb−/− Tac-fostered mice, but not in 
Jax-fostered animals (Fig. 3F). However, SFB was barely de-
tected in the feces of Tac-DKO mice with or without colitis 

Fig. 2. Doubly deficient Nod2/Cybb mice harboring Taconic microbiota 
develop TH1-type colitis. (A) Total number of LP CD4+ T cells from 4- to 
6-week-old mice (Tac-DKO, n = 19; Jax-DKO, n = 6; Tac-WT, n = 7; Jax-WT, 
n = 8; Tac-Nod2−/−, n = 7; and Tac-Cybb−/−, n = 6). (B) Total number of LP 
neutrophils from 4- to 6-week-old mice (Tac-DKO, n = 20; Jax-DKO, n = 5; 
Tac-WT, n = 5; Jax-WT, n = 6; Tac-Nod2−/−, n = 7; and Tac-Cybb−/−, n = 6). 
(A and B) Bars show median; data are from five independent experiments. 
Kruskal-Wallis test followed by Dunn’s post test. *P < 0.05; ***P < 0.001; ****P < 
0.0001. (C and D) LPMCs were isolated from 4- to 6-week-old fostered mice. 
Gene expression in LPMCs was normalized to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) expression. Data are mean ± SEM of at least five 
individual mice; data are from four independent experiments. *P < 0.05; **P < 
0.01; ***P < 0.001; ****P < 0.0001 by one-way ANOVA followed by Tukey’s 
multiple comparisons test. (E) Total LPMCs from 4- to 6-week-old fostered 
mice were cultured for 12 hours. TNF from culture supernatant was mea-
sured by ELISA (at least three individual mice each group). Data are mean ± 
SEM; data are from two independent experiments. *P < 0.05; **P < 0.01; ***P < 
0.001 by one-way ANOVA followed by Tukey’s multiple comparisons test. 
(F) Percentages of IFN-–producing CD4+ T cells isolated from 4- to 6-week-
old Tac-DKO (n = 7), Jax-DKO (n = 6), and Tac-WT (n = 7). Each dot represents 
an individual mouse. Bars show median; data are from three independent 
experiments. *P < 0.05; **P < 0.01 by Kruskal-Wallis test followed by Dunn’s 
multiple comparisons test. (G) Representative histology of H&E-stained co-
lonic sections from Tac-DKO mice injected with anti-TNF antibody (TNF) 
or control IgG (sham). Arrows show inflammatory cell infiltrate and epithe-
lial crypt damage. Scale bars, 500 m. (H) Histopathological scores of colonic 
tissue from anti–TNF-treated Tac-DKO (n = 5) and from sham-treated Tac-DKO 
mice (n = 4) on day 9 after injection. Each dot represents an individual mouse. 
Bars show median; data are from two independent experiments; *P = 
0.0159 by two-tailed Mann-Whitney U test. (I) Fecal Lcn-2 concentration in 
Tac-DKO mice treated with anti-TNF antibody (n = 9) or control isotype–
matched antibody (sham) (n = 9) before injection (day 0) and on day 6 and 
on day 9 after injection. Bars show median; data are from two independent 
experiments. Kruskal-Wallis test followed by Dunn’s post test. *P < 0.05; **P < 
0.01; ***P < 0.001.
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Fig. 3. Selective accumulation of the Mucispirillum pathobiont in doubly deficient Nod2/Cybb mice. (A) Shannon’s diversity index of fecal samples from Tac- and 
Jax-fostered mice. Tac-DKO NI (n = 12), Tac-DKO I (n = 13), Jax-DKO (n = 10), Tac-WT (n = 7), Jax-WT (n = 7), Tac-Nod2−/− (n = 13), and Tac-Cybb−/− (n = 8). Results are mean ± 
SD. Data are pooled from two independent experiments. One-way ANOVA followed by Tukey’s multiple comparisons test. (B) Correlation between levels of fecal Lcn-2 
and Shannon’s diversity index of fecal samples from Tac-DKO mice (n = 75). Data are pooled from five independent experiments. Spearman’s rank correlation. (C) Average 
yc distance within or between groups of Jax mothers (J mothers, n = 4), Tac mothers (T mothers, n = 6), Jax-born DKO (J mother T-fostered DKO, n = 17), Cybb−/− (J mother 
T-fostered Cybb−/−, n = 8), Nod2−/− (J mother T-fostered Nod2−/−, n = 13), and WT mice (J mother T-fostered WT, n = 7) fostered to Tac mothers. Data are mean ± SEM; data 
are from two independent experiments. Kruskal-Wallis test followed by Dunn’s post test. *P < 0.05; ***P < 0.001; ****P < 0.0001. (D) LEfSe analysis shows bacterial OTUs 
that were differentially abundant between age-matched Tac-DKO mice before the onset of intestinal inflammation (Tac-DKO NI, n = 12) and Tac-WT animals (n = 7). The 
LDA score and the abundance ratio are shown. The arrow indicates the specific OTU that belongs to Mucispirillum. Asterisks indicate bacteria under detection (zero read) in 
16S ribosomal RNA (rRNA) gene Illumina MiSeq analysis in denominator groups. Data are pooled from two independent experiments. (E) Presence of Mucispirillum in fecal 
DNA extracted from 3- to 4-week-old Tac-DKO NI (n = 12), Tac-DKO I (n = 13), Jax-DKO (n = 10), Tac-WT (n = 7), Jax-WT (n = 7), Tac-Nod2−/− (n = 13), and Tac-Cybb−/− (n = 8) and 
normalized to the universal 16S rRNA gene. Results are mean ± SEM; data are from two independent experiments. ***P < 0.001; ****P < 0.0001 by Kruskal-Wallis test followed 
by Dunn’s post test. (F) The presence of SFB in fecal DNA was quantified in fecal samples collected from 3- to 4-week-old Tac- and Jax-fostered mice. Results were normalized 
to the universal 16S rRNA gene. Small intestinal contents from Taconic C57BL/6 mice (Tac-ileal content) were used as positive control for the presence of SFB. Mean ± SEM 
of at least five mice. Data are pooled from two independent experiments. ***P < 0.001; ****P < 0.0001 by one-way ANOVA followed by Tukey’s multiple comparisons test.
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(Fig. 3F). Thus, although the overall gut microbial composition 
does not differ among all Tac-fostered mice, a unique bacterium 
Mucispirillum selectively accumulates in Nod2−/−/Cybb−/− mice that 
develop colitis. These results also indicate that the combined defi-
ciency of Nod2 and Cybb is required for marked accumulation of 
Mucispirillum in the gut.

Nod2 and Cybb regulate neutrophil recruitment and killing 
to control Mucispirillum accumulation
Neutrophils can transmigrate into the intestinal lumen and engulf 
bacteria near the epithelium (39). To determine whether neutrophil 
accumulation in Tac-DKO mice (Fig. 2B) is a primary event or sec-
ondary to the development of inflammation, we analyzed the number 
of intestinal and luminal neutrophils in age-matched (4- to 5-week-
old) Tac-DKO mice before the onset of inflammation (Tac-DKO NI) 
and colitic (Tac-DKO I) mice. Tac-DKO NI mice exhibited a reduced 
number of intestinal and luminal neutrophils when compared with 
Tac-WT animals (Fig. 4, A and B). To assess whether accumulation 
of Mucispirillum within neutrophils precedes the development of 
colitis, we isolated neutrophils from the intestinal luminal compart-
ment and the LP of age-matched (~5-week-old) Jax- and Tac-fostered 
mice before the onset of colitis and analyzed the presence of the bac-
terium by qPCR. This analysis revealed that Mucispirillum was more 
abundant in both luminal and LP neutrophils from Tac-DKO NI mice 
when compared with other Tac-fostered mice and Jax-fostered ani-
mals (Fig. 4, C and D). Although no clear differences in the levels of 
Firmicutes and mucus-degrading A. muciniphila were observed in 
colonic neutrophils isolated from fostered mice (Fig. 4, E and F), 
Firmicutes exhibited a tendency to increase in LP neutrophils from 
Tac-DKO NI mice when compared with other Tac-fostered mice and 
Jax-fostered animals (Fig. 4E). Together, these data argue for an ac-
cumulation of Mucispirillum in intestinal neutrophils of Tac-DKO 
mice. Consistent with a role of Cybb in the phagosome oxidative 
burst (40), reactive oxygen species (ROS) were induced in WT and 
Nod2−/− neutrophils, but that activity was impaired in Cybb−/− and 
Cybb−/–Nod2−/− neutrophils in response to phorbol myristate acetate 
and to N-formyl-l-methionyl-l-leucyl-l-phenylalanine (fMLP) after 
priming with lipopolysaccharide (LPS) (Fig. 4G and fig. S8A). Con-
sistent with previous studies (41), priming with LPS elicited very low 
ROS production in both WT and Nod2−/− neutrophils (fig. S8B); how-
ever, further stimulation with fMLP resulted in robust and compa-
rable ROS production in LPS-primed WT and Nod2−/− neutrophils 
but not in Cybb−/− and Cybb−/–Nod2−/− neutrophils (fig. S8C). To as-
sess the contribution of Nod2, we determined the number of intes-
tinal neutrophils in all fostered mice in the LP and intestinal lumen. 
Consistent with previous studies that implicate Nod2 in the recruit-
ment of immune cells (42, 43), our analysis revealed that Tac-DKO 
NI and Tac-Nod2−/− mice exhibited reduced numbers of intestinal 
neutrophils when compared with Tac-WT, Tac-Cybb−/−, and Jax- 
fostered WT animals (Jax-WT) (Fig. 4H). Similarly, Tac-Nod2−/− 
and Tac-DKO NI mice also exhibited a reduction in the number of 
neutrophils in the luminal compartment when compared with Tac-
WT and Tac-Cybb−/− animals (Fig. 4I). No differences in the number 
of LP and luminal neutrophils were found between Tac-DKO and 
Jax-DKO mice (Fig. 4, H and I). In accordance with reduced neu-
trophil numbers, the expression of two neutrophil chemokines, Cxcl1 
and Cxcl2, was decreased in colonic explants from Tac-DKO NI 
and Tac-Nod2−/− mice (Fig. 4, J and K). These results suggest that 
impairment of both neutrophil recruitment and NADPH oxidase 

activity is required for Mucispirillum accumulation and colitis in 
DKO mice.

Maternal immunoglobulins confer protection against colitis 
in doubly deficient Nod2/Cybb mice
Doubly deficient Nod2/Cybb mice develop CD-like colitis shortly after 
weaning, when fostered to Tac mothers. Breastfeeding can protect 
against pediatric and adult-onset IBD (44, 45); however, the mech-
anisms involved remain unclear. Next, we assessed whether Tac-DKO 
mice are protected from disease development during breastfeeding. 
To test this hypothesis, we first assessed the presence of Mucispirillum- 
specific immunoglobulins (Igs) in the intestinal lumen of fostered 
mice. Mucispirillum-specific IgA was detected in the luminal contents 
of all Tac-fostered mice, but little or no IgA was observed in Jax-fostered 
animals (Fig. 5A). Furthermore, higher levels of Mucispirillum-specific 
IgA were found in Tac-DKO mice when compared with other Tac- 
fostered mice (Fig. 5A). Mucispirillum also elicited IgG responses in 
Tac-fostered animals (Fig. 5B), whereas total IgA and IgG were com-
parable in all animal groups (fig. S9, A and B). Although Mucispirillum 
was not observed in Tac-WT immediately after weaning (Fig. 3E), 
the bacterium was detected in older (5- to 6-week-old) Tac-WT mice 
(fig. S9C), thus explaining the presence of Mucispirillum-specific IgA 
and IgG in older Tac-WT mice (Fig. 5, A and B). Maternally derived 
microbiota-specific Igs are detectable in mice as early as 2 weeks after 
birth; their levels wane by 3 to 4 weeks of age and increase again in 
older mice due to their own antibody production (46). Consistently, 
time course analyses revealed that both Mucispirillum-specific IgA 
and IgG were low or undetectable at weaning; their production was 
increased by day 7 after weaning and returned to baseline by day 21, 
which inversely correlated with the levels of fecal Lcn-2 (Fig. 5, C to E). 
The low or absent Ig levels at weaning in fostered mice are presumably 
explained by the fact that maternally derived microbiota-specific Igs 
in the gut are acquired from breast milk after birth (47, 48), but such 
Igs are expected to be reduced when neonatal mice switched their 
diet to solid food by 3 weeks of age. Consistently, the presence of 
milk was detected in the stomach of 2-week-old but not 3-week-old 
pups (fig. S9, D and E). The high levels of fecal Lcn-2 at weaning time 
in Tac-DKO mice (Fig. 5E) are consistent with the recruitment of 
neutrophils to the intestine in response to bacterial accumulation and/
or local invasion before the development of overt intestinal inflam-
mation in Tac-DKO mice shortly after weaning (Fig. 1, B to D). 
Although the amounts of fecal Mucispirillum-specific Igs had de-
clined by day 21 to 28 after weaning (Fig. 5, C and D), Igs against 
Mucispirillum were found in the serum of Tac-DKO mice (older than 
7 weeks of age) but much less in age-matched Jax-DKO mice (fig. S9, 
F and G). The reason for the reduction of Mucispirillum-specific an-
tibodies in the luminal content of Tac-DKO mice (Fig. 5, C and D) 
is unclear, but it could be explained by the binding of antibodies to 
Mucispirillum and the engulfment of Ig-coated bacteria by neutrophils. 
Consistent with this possibility, we found a reduced abundance of 
Mucispirillum in the feces of ~6-week-old Tac-DKO mice (fig. S9C) 
when compared with just weaned Tac-DKO mice (Fig. 3E).

To determine the role of maternal Mucispirillum-specific Igs in 
protection against disease during nursing, we performed fostering 
experiments using JH

−/− mothers, which lack mature B cells (49), and 
focused our analyses on earlier time points (i.e., from birth until 
21 days of age) as compared with the fostering experiments using 
WT dams in Figs. 1 to 4. After colonization of Jax JH

−/− mice with 
Mucispirillum by cohousing with Tac mice (fig. S10, A and B), newborn 
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Fig. 4. Nod2 and Cybb reg-
ulate neutrophil recruit-
ment and killing to control 
Mucispirillum accumulation. 
(A) Total number of colonic 
neutrophils isolated from 
~4-week-old Tac-DKO NI (n = 6), 
Tac-DKO I (n = 6), and Tac-WT 
(n = 4). Bars show mean; data 
are from two independent ex-
periments. *P < 0.05; **P < 0.01 
by one-way ANOVA followed 
by Tukey’s multiple compari-
sons test. (B) Total number 
of luminal neutrophils isolated 
from ~4-week-old Tac-DKO 
NI (n = 4), Tac-DKO I (n = 5), 
and Tac-WT (n = 4). Bars show 
median; data are from two in-
dependent experiments. *P < 
0.05 by Kruskal-Wallis test fol-
lowed by Dunn’s post test. 
(C) Presence of Mucispirillum 
in luminal neutrophils isolated 
from ~5-week-old Tac-DKO 
NI (n = 13), Jax-DKO (n = 7), 
Tac-WT (n = 7), Jax-WT (n = 6), 
Tac-Nod2−/− (n = 6), and Tac-
Cybb−/− (n = 7). Bars indicate 
median; data are from five 
independent experiments. 
(D) Presence of Mucispirillum 
in LP neutrophils (~5-week-
old mice; Tac-DKO NI, n = 17; 
Jax-DKO, n = 7; Tac-WT, n = 8; 
Jax-WT, n = 10; Tac-Nod2−/−, 
n = 8; Tac-Cybb−/−, n = 6). Bars 
show median; data are from 
four independent experiments. 
(E and F) Presence of Firmicutes 
(E) and A. muciniphila (F) in 
LP neutrophils (~5-week-old 
mice; Tac-DKO NI, n  = 17; 
Jax-DKO, n = 7; Tac-WT, n = 8; 
Jax-WT, n = 10; Tac-Nod2−/−, 
n = 8; and Tac-Cybb−/−, n = 6). 
Bars indicate median; data are 
from four independent exper-
iments. (C to F) Results were 
normalized to GAPDH expres-
sion. Kruskal-Wallis test fol-
lowed by Dunn’s post test. *P < 
0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. (G) Representa-
tive chemiluminescence curves 
of ROS production from bone 
marrow–derived neutrophils 
isolated from Tac-WT (n = 3), Tac-Cybb−/− (n = 3), Tac-Nod2−/− (n = 3), and Tac-DKO (n = 3) mice activated by PMA. The relative light units (RLU) were monitored at 98-s 
intervals and shown up to 14.42 min. Results are mean ± SEM; data are from three independent experiments. **P < 0.01; ****P < 0.0001 by two-way ANOVA followed by 
Tukey’s multiple comparisons test. (H) Total number of LP neutrophils (~5-week-old mice; age-matched Tac-DKO NI, n = 6; Jax-DKO, n = 6; Tac-WT, n = 7; Jax-WT, n = 7; 
Tac-Nod2−/−, n = 7; and Tac-Cybb−/−, n = 6). Bars show median; data are from three independent experiments. (I) Absolute number of luminal neutrophils isolated from 
~5-week-old, age-matched Tac-DKO NI (n = 15), Jax-DKO (n = 7), Tac-WT (n = 7), Jax-WT (n = 6), Tac-Nod2−/− (n = 6), and Tac-Cybb−/− (n = 7). Bars indicate median; data are 
from five independent experiments. (H and I) Kruskal-Wallis test followed by Dunn’s post test. *P < 0.05; **P < 0.01. (J and K) Gene expression in colonic tissues harvested 
from fostered mice. Results were normalized to GAPDH. Results are mean ± SEM of at least six individual mice; data are from two independent experiments. *P < 0.05; 
**P < 0.01 by one-way ANOVA followed by Tukey’s multiple comparisons test.
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Fig. 5. Maternal Igs protect 
doubly deficient Nod2/Cybb 
mice from the development of 
colitis. ELISA of Mucispirillum- 
specific IgA (A) and IgG (B) in 
the luminal content of fostered 
mice. Non-fostered Tac C57BL/6 
(Tac B6) and Jax C57BL/6 (Jax B6) 
mice were included as controls. 
Data are mean ± SEM of at least 
six individual mice; data are 
from two independent exper-
iments. **P < 0.01; ***P < 0.001; 
****P < 0.0001 by one-way ANOVA 
followed by Tukey’s multiple 
comparisons test. ELISA of 
Mucispirillum- specific IgA (C) and 
IgG (D) in the luminal content 
of Tac-DKO (n = 8) and Jax-DKO 
(n = 6) mice. Results are mean ± 
SD; data are from two inde-
pendent experiments. (E) Fe-
cal Lcn-2 concentration in 
Tac-DKO (n = 8) and Jax-DKO 
(n = 6) mice. Data are mean ± 
SD; data are from two inde-
pendent experiments. (C to E) 
Two- way ANOVA followed by 
Sidak’s multiple comparisons 
test. **P < 0.01; ***P < 0.001; 
****P < 0.0001. (F) Mouse sur-
vival over time after fostering 
newborns DKO to either Jax 
JH

−/− (DKO to Jax JH
−/−, n = 7) or 

to Tac-exposed JH
−/− mothers 

(DKO to Tac JH
−/−,  n  = 15). 

Newborn Jax JH
−/− (n = 7) and 

Tac JH
−/− (n = 7) pups were 

included as controls. Data are 
from two independent exper-
iments. Log-rank test. (G) Rep-
resentative images (top) and 
H&E-stained colonic sections 
(bottom) from 9-day-old DKO 
fostered to Jax JH

−/− or to Tac 
JH

−/− mothers and Jax JH
−/− 

and Tac JH
−/− pups. Scale bars, 

500 m. (H) Histopathological 
scores of colonic tissues from 
(9-day-old) DKO fostered to 
Jax JH

−/− (n = 6) or Tac JH
−/− 

mothers (n = 15) and Jax JH
−/− 

(n = 3) and Tac JH
−/− mice (n = 3). 

Bars show median; data are 
from two independent exper-
iments. *P < 0.05; **P < 0.01 by 
Kruskal-Wallis test followed by 
Dunn’s post test.
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DKO mice were fostered to either Jax- or Tac-cohoused JH
−/− mothers. 

DKO newborns fostered to JH
−/− mothers previously cohoused with 

Tac mice, which lacked Igs (fig. S10, E and F), succumbed to dis-
ease within 10 days after fostering, whereas all DKO fostered to Jax 
JH

−/− mothers survived (Fig. 5F). DKO mice fostered to Tac JH
−/− 

mothers exhibited decreased size, marked destruction of the intestinal 
epithelium, and inflammatory cell infiltrates in the colon (Fig. 5, G 
and H). No macroscopic or histological alterations were observed in 
newborn DKO mice fostered to Jax JH

−/− mothers or non-fostered 
Tac JH

−/− or Jax JH
−/− pups (Fig. 5, G and H). To further identify the 

class of Igs that are important in disease protection, we fostered DKO 
newborns to IgA-deficient mothers or dams deficient in the neonatal 
Fc receptor (FcRn) that mediates placental and perinatal IgG trans-
port, as well as protection of IgG from catabolism (fig. S10, A and C 
to F) (50). Unlike DKO newborns fostered to Tac-cohoused JH

−/− mice, 
newborn DKO mice fostered to Tac-cohoused IgA−/− or FcRn−/− 
mothers survived and did not display any histological intestinal alter-
ations (fig. S11, A to F) at weaning time (21-day-old pups). Collectively, 
these results suggest that maternal IgA and IgG against Mucispirillum 
act redundantly to confer protection against colitis in doubly defi-
cient Nod2/Cybb mice.

Mucispirillum induces intestinal inflammation in doubly 
deficient Nod2/Cybb mice
We next determined the ability of Mucispirillum to induce intestinal 
inflammation in DKO mice. To this end, adult Jax DKO, Cybb−/−, 
Nod2−/−, and WT mice were pretreated with vancomycin and then 
orally gavaged with Mucispirillum. Oral challenge with Mucispirillum 
resulted in increased levels of fecal Lcn-2 (Fig. 6A) and colon short-
ening in DKO mice (Fig. 6B), but not in Cybb−/−, Nod2−/−, and WT 
mice, despite comparable colonization in the four groups of animals 
(fig. S12A). Histological evaluation of Mucispirillum-infected mice 
confirmed the development of inflammation in the large intestine 
of DKO mice (Fig. 6, C and D). Oral challenge with a Gram-negative, 
obligate anaerobe, Bacteroides uniformis, did not induce intestinal 
inflammation in Jax-DKO (fig. S12, B to E), despite successful colo-
nization (fig. S12F). To further assess the role of B cells in the devel-
opment of colitis, we pretreated DKO mice with vancomycin and then 
injected them intraperitoneally with anti-CD20 antibody to deplete 
B cells, followed by intragastric administration of Mucispirillum. Be-
cause anti-CD20 antibodies do not target antibody-secreting long-lived 
plasma cells, only Jax-DKO mice, devoid of Mucispirillum, were 
depleted of B cells and then orally gavaged with the bacterium. Ad-
ministration of anti-CD20 antibody resulted in selective depletion 
of peripheral blood B cells (fig. S13A). Unlike control IgG-injected 
DKO mice in which Mucispirillum-specific IgA and IgG were detected 
in the luminal content 7 days after bacterial challenge, CD20-depleted 
DKO mice did not mount robust anti-Mucispirillum IgA and IgG 
responses (fig. S13B). Oral challenge with Mucispirillum resulted in 
increased levels of fecal Lcn-2 on day 5 after the initial bacterial gavage 
in both control IgG-treated and CD20-depleted DKO mice (Fig. 6E). 
However, on day 10 after infection, control IgG-treated mice recov-
ered from the intestinal inflammation, whereas the CD20-depleted 
group exhibited further increase in fecal levels of Lcn-2 (Fig. 6E), which 
was associated with colon shortening (Fig. 6F) and higher levels of 
Mucispirillum colonization (fig. S13C). These results indicate that 
Mucispirillum triggers colitis selectively in DKO mice and suggest 
that Igs against the bacterium protect neonates against the develop-
ment of intestinal inflammation.

DISCUSSION
A major question in the IBD field is whether general dysbiosis or ac-
cumulation of specific pathobionts can trigger intestinal inflamma-
tion in individuals harboring IBD susceptibility genes. We show here 
that mice deficient in Nod2 and Cybb, two genes involved in CD sus-
ceptibility (11, 12, 19), develop spontaneous colitis with the pa-
thology hallmarks of CD. Exposure to a specific member of the gut 
microbiota, Mucispirillum, triggered CD-like disease. The colitis ob-
served in Tac-DKO mice bears a notable resemblance to VEOIBD, a 
form of CD that mostly affects the colon of young children and has 
been associated with NADPH oxidase and NOD2 mutations (19, 51).

Abnormal interactions between microbes and the immune system 
have been identified as the core defect, leading to chronic inflam-
mation in CD (52). Genetic studies have revealed that a large subset of 
CD susceptibility genes, including NOD2, regulate bacterial recog-
nition/clearance, suggesting that impaired innate immune function 
by mutation can lead to disease (10). Disease in DKO mice required 
the presence of Mucispirillum in the microbiota and was not trig-
gered in susceptible Nod2−/–Cybb−/− mice with Jax microbiota that 
lacks this bacterium. Thus, genetic defects that impair microbial 
clearance can result in highly specific accumulation of rare bacterial 
symbionts with pathogenic traits such as Mucispirillum that can trigger 
colitis. The development of disease in our model requires marked 
accumulation of this bacterium that was observed in DKO mice, 
but much less in single mutants, arguing that a threshold level of 
Mucispirillum accumulation is important for the development of CD- 
like colitis. In this context, previous studies showed a combinatory 
effect of Nod2 and neutrophil dysfunction in worsening intestinal 
inflammation in mice (53). However, unlike our spontaneous colitis 
model, the study by Han and colleagues (53) required chemically in-
duced epithelial injury to elicit intestinal inflammation.

The cecal and colonic involvement of inflammation in this mouse 
model of CD is consistent with the fact that this bacterium is a strict 
anaerobe that resides in the cecum and colon (38). Given the large 
numbers of microorganisms that colonized the human gut, it is pos-
sible that certain disease-causing bacterial species accumulate and 
trigger disease in the presence of CD-associated NOD2 or CYBB 
mutations alone. Consistent with this notion, up to 40% of patients 
with chronic granulomatous disease, which is caused by homozygous 
mutations in CYBB or related NAPDH subunits, develop CD-like 
disease (22). Because Mucispirillum is a murine species, it is unlikely 
that this bacterium triggers CD in humans. However, bacteria related 
to Mucispirillum, such as Proteobacteria (54), have been found to be 
increased in the microbiota of adult and juvenile patients with CD 
(27–29). Our results indicate that assessment of the microbiota before 
the onset of intestinal inflammation is critical to reveal disease-causing 
symbionts. Mucispirillum resides in the intestinal mucus layer of ro-
dents and harbors some virulence traits, including a type VI secretion 
system and putative effector proteins (54). Consistent with these virulent 
features, we found marked accumulation of Mucispirillum within the 
inflamed colonic tissue of Tac-DKO mice. Thus, localization near the 
epithelium and/or the presence of virulence genes may play a role in 
the ability of the bacterium to locally invade the intestinal tissue and 
trigger colitis in the absence of Nod2 and Cybb. No signs of system-
ic spread of Mucispirillum were found in Tac-DKO mice. Similar to 
human IBD (37), CD-like colitis induced in our model was treated 
effectively with anti-TNF therapy, suggesting that the DKO model 
of CD could be used to assess the ability of potential drugs and bio-
logicals to inhibit inflammation in preclinical studies.
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Fig. 6. Mucispirillum triggers intestinal inflammation in doubly deficient Nod2/Cybb mice. SPF Jax WT (n = 4), DKO (n = 21), Nod2−/− (n = 4), and Cybb−/− (n = 4) mice 
were orally gavaged with either Mucispirillum or culture broth (sham) every other day up to 7 days. Lcn-2 concentration (A) was measured in fecal samples before (day 0) 
and 7 days after the first oral gavage. Colon length (B) was determined on day 7 after infection with Mucispirillum. (A and B) Bars show mean; data are from four indepen-
dent experiments. **P < 0.01; ****P < 0.0001 by one-way ANOVA followed by Tukey’s multiple comparisons test. (C) Representative histology of H&E-stained sections from 
large intestines of Mucispirillum-infected WT, DKO, Nod2−/−, and Cybb−/− mice (on day 7 after infection). Arrows show inflammatory cell infiltrate. Scale bars, 500 m. 
(D) Histopathological scores of cecal and colonic tissues from Mucispirillum-infected WT (n = 4), DKO (n = 21), Nod2−/− (n = 4), and Cybb−/− (n = 4) mice (on day 7 after infection). 
Bars show median; data are from four independent experiments. *P < 0.05 by Kruskal-Wallis test followed by Dunn’s post test. (E and F) SPF Jax-DKO mice were treated 
with an anti-CD20 monoclonal antibody (anti-CD20) (n = 10) or control antibody (sham) (n = 8) and then orally gavaged with Mucispirillum every other day up to 10 days. 
Fecal Lcn-2 concentration (E) was measured before (day 0), on day 5, and on day 10 after oral infection with Mucispirillum. Colon length (F) was measured in anti–CD20- 
treated DKO (n = 10) and in sham-treated DKO mice (n = 8) on day 10 after infection. Bars show mean; data are from two independent experiments. One-way ANOVA 
followed by Tukey’s multiple comparisons test. **P < 0.01; ****P < 0.0001 in (E); **P = 0.013 by two-tailed unpaired t test in (F).
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In WT mice, the accumulation and intestinal invasion of Mucispirillum 
are neutralized by Nod2 and phagosome NAPDH activity. The pro-
tective mechanisms appear to involve the recruitment of neutrophils 
to the LP, a step regulated by Nod2 at the steady state, and transcy-
tosis of neutrophils into the intestinal lumen where the bacterium 
is engulfed and killed via a Cybb-dependent oxidative burst. Single 
deficiency of Nod2 and Cybb leads to Mucispirillum accumulation to 
a lesser extent than that observed in DKO mice and was not sufficient 
to trigger colitis in the presence of Tac microbiota. These results sug-
gest that additional Nod2-dependent mechanisms for bacterial clear-
ance operate in Cybb−/− mice. Although previous studies suggested 
that Nod2 can regulate ROS production in intestinal epithelial cells 
and bone marrow–derived macrophages (55, 56), our findings do not 
support an important role for Nod2 in regulating ROS generation 
in neutrophils. Consistent with our data, Deshmukh and colleagues 
(57) showed that NOD2 does not regulate ROS generation in neutrophils 
stimulated with Staphylococcus aureus, suggesting that NOD2 regu-
lates ROS generation in a cell type–specific manner and/or only un-
der certain experimental conditions.

Impaired recruitment of neutrophils to intestinal inflammatory 
sites has been observed in patients with CD (58, 59). However, fur-
ther work is needed to understand the role of neutrophils in colitis 
and the mechanism by which NOD2 regulates the recruitment of 
neutrophils in the intestine. The accumulation of Mucispirillum de-
tected in the colonic mucus layer of Tac-Nod2−/− mice may be the 
consequence of impaired luminal transcytosis of neutrophils, but other 
mechanisms including impaired secretion of mucins may play a role 
(60). Our data suggest that the accumulation of Mucispirillum within 
the intestinal tissue, rather than in the mucus layer, plays a pivotal 
role in triggering inflammatory disease. Impaired clearance of 
Mucispirillum in the intestinal tissue appears to drive colitogenic TH1 
CD4+ T cells in Nod2−/–Cybb−/− mice, which is also observed in patients 
with CD (1, 2). Consistent with recent studies showing that extra-
thymically generated regulatory T cells play a role in the establishment 
of border-dwelling bacteria such as Mucispirillum during commu-
nity assembly (61), our results show enhanced expression of Foxp3 
in the intestine of Mucispirillum-enriched Tac-DKO mice. Howev-
er, further work is needed to understand the role, if any, of regula-
tory T cells in colitis triggered by Mucispirillum in Tac-DKO mice.

The role of Nod2 in the regulation of the composition of the micro-
biota is controversial. Some studies showed an altered composition of 
the gut microbiota with a net increase in the abundance of Bacteroidetes 
and Firmicutes in Nod2−/− mice (62, 63). However, other studies using 
littermate mice did not identify substantial differences in the com-
position of the gut microbial community in Nod2−/− mice (64, 65). 
A previous study showed that Nod2 deficiency gives rise to subtle 
intestinal abnormalities that correlate with the expansion of the com-
mensal Bacteroides vulgatus (66). Unlike Mucispirillum in DKO mice, 
B. vulgatus did not elicit spontaneous inflammation but exacerbated 
intestinal inflammation after epithelial damage induced by piroxi-
cam treatment in Nod2−/− mice. Thus, B. vulgatus promotes inflam-
mation in Nod2−/− mice but does not trigger spontaneous CD-like 
inflammation in Nod2 mutant mice.

We found that Mucispirillum elicits IgA and IgG immune responses 
in mice harboring the bacterium. These studies are consistent with 
a previous report that showed that Mucispirillum evades T cell–
independent IgA production but elicits T cell–dependent IgA responses 
(67). The induction of IgA and IgG production by Mucispirillum 
likely reflects the localization of the bacterium near the epithelium 

and its ability to elicit adaptive immune responses. Our findings 
suggest a protective role of maternal Igs in breast milk against the 
development of CD-like colitis. Previous evidence suggested that 
breastfeeding during infancy protects from pediatric and adult-onset 
IBD (44). However, further work is needed to establish the mecha-
nism by which breastfeeding protects against the development of 
IBD. Nevertheless, the observation that maternal Igs confer protec-
tion against colitis suggests that vaccines may be potential thera-
peutic approaches for patients with CD once colitogenic bacterial 
species are identified in humans.

MATERIALS AND METHODS
Study design
The aim of this study was to understand the link between CD-like 
colitis and the microbiota using a mouse model that is based on 
genes involved in CD susceptibility. The experimental design involved 
in vivo and in vitro experiments, including fostering experiments, 
bacterial in vivo challenge, administration of neutralizing antibodies, 
histological analysis, laser microdissection, enzyme-linked immuno-
sorbent assay (ELISA), chemiluminescence assay, flow cytometry, 
16S rRNA gene sequencing, and qPCR analysis. The sample size (at 
least three to five mice per group) for the in vivo experiments was 
determined to be the optimal size for statistical analysis while allow-
ing for independent repeats. Animals were randomly assigned to ex-
perimental groups during administration of anti-TNF antibody, B 
cell depletion, and Mucispirillum and B. uniformis infections. The 
investigators were not blinded to allocation during experiments and 
analyses unless otherwise indicated. Experimental replication is in-
dicated in the figure legends.

Experimental model and mice
Mice
C57BL/6, Nod2−/−, Cybb−/−, and FcRn−/− mice were originally pur-
chased from the Jackson Laboratory and bred in-house at the Univer-
sity of Michigan. C57BL/6 mice were also purchased from Taconic 
Biosciences. All mice were maintained in SPF conditions. JH

−/− mice 
were provided by M. Cascalho (University of Michigan), and IgA−/− 
mice were provided by B. Arulanandam (UT Health San Antonio). 
Doubly deficient Nod2/Cybb mice were generated by breeding single 
Nod2−/− and Cybb−/− mice for six generations. All mice were on the 
C57BL/6 background. All animal studies were performed according 
to approved protocols by the University of Michigan Committee on 
the Use and Care of Animals.

Cohousing and fostering experiments
For cohousing experiments, Jax JH

−/−, IgA−/−, and FcRn−/− breeding 
pairs were converted in trio breeding cages by adding a Nod2/
Cybb−/− female harboring Taconic microbiota. Mice were cohoused 
for more than 4 weeks before performing fostering experiments. For 
fostering experiments, the day on which pups were born was con-
sidered day 0 and pups were fostered between day 0 and day 2. Foster 
mothers were selected on the basis of the presence of a healthy and 
well-fed litter that was within 1 or 2 days of age of the fostered pups. 
Foster mothers were removed from the cage and placed in a holding 
pen, whereas the original litter was euthanized. The fostered pups 
(whole litters, both males and females) were gently covered with the 
nesting material and bedding of the foster mother’s cage. Mothers 
were then introduced in their original cage with the fostered pups. 
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To avoid potential cage effects, we performed several experiments 
using the same Jax or Tac C57BL/6 mothers for fostering multiple 
litters of WT or mutant pups.

Intestinal histopathology and disease evaluation
Fostered mice (both males and females) were euthanized at ~4 weeks 
of age, and the terminal ileum, cecum, and colon were flushed with 
phosphate-buffered saline (PBS) (Gibco), fixed in 10% formalin (Fisher 
Scientific), and then processed for hematoxylin and eosin (H&E) 
staining. Histologic evaluation was performed in a blinded fashion, 
using a scoring system described previously with some modifications 
(68). Briefly, a three- to four-point scale was used to denote the se-
verity of inflammation (0, none; 1, mild; 2, moderate; and 3, severe), 
the level of involvement (0, none; 1, mucosa; 2, mucosa and submu-
cosa; and 3, transmural), and the extent of epithelial/crypt damage 
(0, none; 1, basal 1/3; 2, basal 2/3; 3, crypt loss; 4, crypt and surface 
epithelial destruction). Each variable was evaluated in the involved 
areas and then multiplied by a factor reflecting the percentage of 
the cecum/colon involved (0 to 10%, 11 to 40%, 41 to 70%, and 71 
to 100%), and lastly summed to obtain the overall score. Measure-
ment of the extension of colonic inflammatory involvement was 
performed using Aperio ImageScope version 12.1.0.5029 (Aperio 
Technologies Inc.).

Laser capture microdissection
The Leica LMD6 Laser Microdissection (Leica Microsystems) was 
used to capture uninflamed and inflamed colonic areas from the 
intestines of 4-week-old Tac-DKO mice. Formalin-fixed, paraffin- 
embedded colonic sections (8 m thick) were deposited on polyethylene 
terephthalate (PET) membrane FrameSlides (Leica Microsystems) and 
then deparaffinized in xylene followed by rehydration by 100-95-70% 
ethanol. DNA was extracted from the laser-captured areas using the 
Arcturus PicoPure DNA Extraction Kit (Applied Biosystems) with 
the addition of glass beads to disrupt the bacterial cells.

Enzyme-linked immunosorbent assay
For measurement of Mucispirillum-specific IgA and IgG by ELISA, 
Mucispirillum cultures were washed, heat-killed at 85°C for 1 hour, 
and resuspended in 10 ml of carbonate/bicarbonate (pH 9.6) buffer, and 
100 ml was added to each well of a 96-well ELISA plate for overnight 
coating at 4°C. Wells were blocked with 1% (w/v) bovine serum 
albumin (Fisher Scientific) in PBS for 2 hours at room temperature. 
Fecal samples were resuspended with sterile PBS (100 mg/ml) and 
filtered through a 40-m cell strainer to remove debris, and 200 ml 
was added to each well. To detect serum levels of Mucispirillum- 
specific Igs, we diluted mouse sera at 1:200 and incubated them over-
night at 4°C. The presence of Mucispirillum-specific IgA and IgG 
was detected by alkaline phosphatase–conjugated polyclonal goat 
anti-mouse IgG or IgA antibodies (Southern Biotechnology Associates). 
Plates were developed using p-nitrophenyl phosphate substrate (South-
ern Biotechnology Associates), and OD405 (optical density at 405 nm) 
values were determined. To measure total IgA and IgG, we coated 
ELISA plates with unlabeled goat anti-mouse IgA or IgG (Southern 
Biotechnology Associates). For measurement of fecal Lcn-2, feces 
were resuspended with sterile PBS (100 mg/ml), vortexed for 5 min, 
and then centrifuged for 10 min at 12,000 rpm at 4°C. Lcn-2 levels 
were determined in fecal supernatants using a Duoset murine Lcn-2 
ELISA kit (R&D Systems). ELISAs for cytokines were performed by 
the University of Michigan ELISA Core.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/4/34/eaaw4341/DC1
Materials and Methods
Fig. S1. Skip lesions in older Tac-fostered Nod2−/–Cybb−/− mice.
Fig. S2. Kinetics of intestinal inflammation in doubly deficient Nod2/Cybb mice.
Fig. S3. Cellular infiltrates in the large intestine of Tac- and Jax-fostered mice.
Fig. S4. CD-like inflammation in Nod2−/–Cybb−/− mice is characterized by TH1 immune 
responses.
Fig. S5. Characterization of Tac-fostered doubly deficient Nod2/Cybb mice before the 
development of colitis.
Fig. S6. Analysis of the gut microbiota in Tac- and Jax-fostered doubly deficient Nod2/Cybb 
mice and quantification of mucus-dwelling bacteria in fostered mice.
Fig. S7. Increased abundance of Mucispirillum in inflamed colonic areas in Nod2−/–Cybb−/− mice.
Fig. S8. ROS production after microbial stimulation.
Fig. S9. Immunoglobulin production in fostered mice.
Fig. S10. Mucispirillum-specific colonization and Ig production in JH

−/−, IgA−/− and FcRn−/− mice.
Fig. S11. Mucispirillum-specific IgA and IgG cooperate in conferring protection against colitis in 
doubly deficient Nod2/Cybb mice.
Fig. S12. Specificity of Mucispirillum-induced intestinal inflammation in doubly deficient Nod2/
Cybb mice.
Fig. S13. Efficiency of B cell depletion in doubly deficient Nod2/Cybb mice.
Table S1. The abundances and LEfSe data of individual OTUs in Jax- and Tac-fostered mice.
File S1. Data in tabular format.
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regulating immune homeostasis in early life.
developing a model for studying Crohn's disease, the study also highlights the importance of maternal antibodies in
developed colitis only after weaning because maternal antibodies protected them from it before weaning. In addition to 

. NOD2/CYBB-deficient miceMucispirillum schaedlerispontaneous colitis that is driven by a Gram-negative pathobiont, 
protein 2 (NOD2) and the cytochrome b-245 beta chain (CYBB) subunit of phagocyte NADPH oxidase develop 

containing−inflammation seen in patients with Crohn's disease. Mice lacking nucleotide-binding oligomerization domain
 report a mouse model where they can recapitulate multiple hallmarks of intestinal et al.difficult to model. Here, Caruso 

Although several mouse models of inflammatory bowel disease exist, Crohn's disease has been particularly
A mouse model for Crohn's disease
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