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There has been a striking generational increase in life-threat-
ening food allergies in Westernized societies1,2. One hypoth-
esis to explain this rising prevalence is that twenty-first 
century lifestyle practices, including misuse of antibiotics, 
dietary changes, and higher rates of Caesarean birth and for-
mula feeding have altered intestinal bacterial communities;  
early-life alterations may be particularly detrimental3,4.  
To better understand how commensal bacteria regulate food 
allergy in humans, we colonized germ-free mice with feces 
from healthy or cow’s milk allergic (CMA) infants5. We found 
that germ-free mice colonized with bacteria from healthy, 
but not CMA, infants were protected against anaphylactic 
responses to a cow’s milk allergen. Differences in bacterial 
composition separated the healthy and CMA populations in 
both the human donors and the colonized mice. Healthy and 
CMA colonized mice also exhibited unique transcriptome sig-
natures in the ileal epithelium. Correlation of ileal bacteria 
with genes upregulated in the ileum of healthy or CMA colo-
nized mice identified a clostridial species, Anaerostipes caccae,  
that protected against an allergic response to food. Our find-
ings demonstrate that intestinal bacteria are critical for regu-
lating allergic responses to dietary antigens and suggest that 
interventions that modulate bacterial communities may be 
therapeutically relevant for food allergy.

Work from our laboratory and others has demonstrated that 
the fecal microbial communities of infants with CMA are mark-
edly different from those of their healthy counterparts5,6. Based on 
these results, as well as evidence that members of the microbiota 
can be allergy protective7, we used a gnotobiotic mouse model 
to investigate whether commensal bacteria have a causal role in 
protection against an allergic response to the cow’s milk allergen  
β -lactoglobulin (BLG). Germ-free mice were colonized with human 
feces from four healthy and four immunoglobulin E (IgE)-mediated 
CMA infant donors who were matched for age, gender, and mode 
of birth8,9 (Supplementary Table 1). It has previously been reported 
that diet is important for the stable colonization of germ-free mice 
with human feces10. To support the growth of human bacteria in 
the murine hosts, mice received feces from formula-fed healthy or 
CMA infants and were fed the same formulas consumed by their 
human infant donors in addition to plant-based mouse chow.  
The CMA infant donors received an extensively hydrolyzed casein 

formula to manage ongoing allergic symptoms, whereas the healthy 
donors received a standard cow’s milk-based formula5. Initial trans-
fer recipients were used as living repositories for subsequent experi-
ments (see Online Methods).

Groups of germ-free mice and mice colonized with either the 
healthy or CMA infant microbiota were sensitized with BLG and 
the mucosal adjuvant cholera toxin. Consistent with previous 
reports7,11, germ-free mice, devoid of any bacterial colonization, 
were highly susceptible to anaphylactic responses to food, as evi-
denced by a drop in core body temperature (Fig. 1a) and production 
of BLG-specific IgE and IgG1 (Fig. 1b,c). We also measured a sub-
stantial reduction in core body temperature in mice colonized with 
fecal samples from each of the four CMA donors in response to BLG 
challenge (Fig. 1a). Sensitized CMA-colonized mice produced sig-
nificantly higher serum concentrations of BLG-specific IgE (Fig. 1b),  
IgG1 (Fig. 1c) and mouse mast cell protease-1 (mMCPT-1) (Fig. 1d) 
compared with healthy-colonized mice. Notably, all of the mice that 
received the four healthy infant microbiotas were protected from an 
anaphylactic response to BLG challenge; their core body tempera-
ture post-challenge was significantly different from that measured 
in germ-free or CMA-colonized mice (Fig. 1a). Histological analysis 
did not reveal any evidence of pathology or inflammation in ileal or 
colonic tissue samples taken post-challenge (Extended Data Fig. 1) 
or after long-term colonization (Extended Data Fig. 2). Microbial 
analysis revealed that community diversity and evenness were simi-
lar between healthy- and CMA-colonized mouse groups (Extended 
Data Fig. 3). To examine whether the cow’s-milk-containing formula 
contributed to microbiota-independent protection against anaphy-
laxis in the healthy-colonized mice, we performed additional fecal 
transfers from breast-fed healthy and CMA donors (Supplementary 
Table 2). Recipient mice received only plant-based mouse chow. 
Mice colonized with feces from a breast-fed healthy donor were pro-
tected from an anaphylactic response to BLG sensitization and chal-
lenge. However, mice colonized with feces from a breast-fed CMA 
donor exhibited a significantly greater drop in core body tempera-
ture compared with healthy-colonized mice (Extended Data Fig. 4a)  
and higher levels of BLG-specific IgE (Extended Data Fig. 4b).  
We also compared sensitization to BLG in germ-free mice fed water 
or Enfamil. Both groups of mice responded robustly to sensitiza-
tion with BLG (Extended Data Fig. 5). There was no significant 
difference in their drop in core body temperature post-challenge 
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or in serum concentrations of BLG-specific IgE or IgG1; serum 
mMCPT-1 was, however, suppressed in mice fed the formula con-
taining cow’s milk.

Analysis of fecal samples from the eight formula-fed human 
infant donors (Supplementary Table 1) identified 58 operational 
taxonomic units (OTUs) that were differentially abundant between 
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Fig. 1 | Transfer of healthy, but not CMA, infants’ microbiota protects against an allergic response to food. a, Change in core body temperature at 
indicated time points following first challenge with BLG in germ-free mice and in mice colonized with feces from each of eight donors (four healthy, four 
CMA; see Supplementary Table 1) that had been sensitized with BLG plus cholera toxin; n =  42 CMA, 31 healthy and 24 germ-free mice, with 4–12 mice 
for each of the eight donors, collected from two independent experiments. b–d, Serum BLG-specific IgE (b), BLG-specific IgG1 (c), and mMCPT-1 (d) from 
mice in a. For a, circles represent mean, and error bars represent s.e.m. For b–d, circles represent individual mice, and bars represent mean +  s.e.m. Linear 
mixed-effect models were used to compare groups in a–d with the BH-FDR method for multiple testing correction. *P <  0.05, **P <  0.01, ***P <  0.001.
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Fig. 2 | Analysis of fecal samples from eight human infant donors reveals taxonomic signatures that correlate with allergic phenotype. a, Heat map 
of OTUs differentially abundant between CMA and healthy donors. Rows show 58 OTUs identified as different at FDR controlled at 0.10 and present in 
at least four human fecal samples and at least two groups of colonized mice (see Supplementary Table 3). Columns depict each donor (D) or colonized 
mouse group (m). n =  2–3 technical replicates per donor and n =  1–4 mice per colonized mouse group, with feces taken at 2 and 3 weeks post-colonization 
(see Online Methods). The bar graphs above the heat map represent the abundance score of potentially protective (orange) or non-protective (blue) 
OTUs calculated for each donor or mouse group. b–d, The ratio of protective over non-protective OTUs (see Extended Data Fig. 6b) derived from colonized 
mice in a plotted against levels of BLG-specific IgE (b), BLG-specific IgG1 (c) and mMCPT-1 (d) from all mice in Fig. 1. Each circle represents average results 
from all mice colonized with each of the four healthy (orange) or CMA (blue) donor’s feces. e, LEfSe analysis of taxa that were significantly enriched in 
healthy-colonized mice (orange) or CMA-colonized mice (blue) from samples in a (n =  8 mice in healthy group and n =  9 mice in CMA group, with fecal 
samples collected at 2 and 3 weeks post-colonization). f, Cladogram showing the community composition of colonized mouse samples from a, with the 
taxa detected as differentially abundant by LEfSe analysis colored by group (orange, healthy; blue, CMA). The discrete false discovery rate (DS-FDR) 
method was used to compare groups in a and the Kruskal–Wallis test in e (see Online Methods).
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healthy and CMA infants (Fig. 2a and Supplementary Table 3).  
Given that variation exists between each donor and murine trans-
fer recipient at the single-OTU level, we examined whether donor-
derived microbiome composition differences were able to distinguish 
the colonized mouse groups. As an aggregated measure to present 
the data, we calculated the number of potentially ‘protective’ (more 
abundant in healthy donors; n =  34) and potentially ‘non-protective’  
(more abundant in CMA donors; n =  24) OTUs to produce a 
presence/absence ratio for each donor (Extended Data Fig. 6a;  
see Online Methods). In addition, we calculated a score weighted 

towards each OTU based on its relative abundance in the sam-
ple (hereafter called the abundance score) (Fig. 2a; see Online 
Methods). When the OTU abundance score was plotted against the 
presence/absence ratio, donors segregated by ratio into the healthy 
and CMA groups (Extended Data Fig. 6b). This threshold also 
separated the CMA- and healthy-colonized mice by their biological 
phenotype (Extended Data Fig. 6b), demonstrating that this donor-
derived aggregated microbiota signature is validated in the murine 
transfer recipients. The significantly higher protective/non-protec-
tive OTU ratio in healthy infants relative to those with CMA was  
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Fig. 4 | Correlation of ileal OTus with DEGs in the ileum of healthy-colonized mice identifies a clostridial species, A. caccae, that protects against an 
allergic response to food. a, Heat map showing Spearman’s rank correlation coefficient between relative abundance of ileal OTUs (row) and expression 
of DEGs (column) from CMA versus healthy mouse ileal IEC samples (see Fig. 3a and Online Methods). b, Spearman’s correlation between abundance 
of OTU259772 (Lachnospiraceae) from the ileal 16S dataset (see Supplementary Table 5) and RNA-seq gene expression in ileal IECs of Ror2, Fbp1, Tgfbr3, 
Acot12, and Me1. Circles represent individual mice, and shaded bands indicate 95% confidence interval fitted by linear regression. c,d, Abundance of 
OTU259772 (Lachnospiraceae) by 16S sequencing (c) and abundance of A. caccae by qPCR (d) in ileal samples from healthy- and CMA-colonized mice. 
LD indicates samples that were below the limit of detection for the assay. e, Spearman’s correlation between abundance of OTU259772 (Lachnospiraceae; 
16S sequencing) and abundance of A. caccae (qPCR) in ileal samples from healthy- and CMA-colonized mice. Circles represent individual mice, and 
shaded bands indicate 95% confidence interval fitted by linear regression. Ileal samples that were above LD in both 16S and qPCR experiments are shown 
(n =  19). f, Gene expression of Ror2, Fbp1, Tgfbr3, Acot12, and Me1 in ileal IECs isolated from germ-free mice and from healthy- and CMA-colonized mice or 
mice monocolonized with A. caccae by qPCR. Data is normalized to Hprt as the housekeeping gene and shown as the fold change in expression from germ 
free, set as 1. g, Change in core body temperature at indicated time points following first challenge with BLG in BLG plus cholera toxin-sensitized CMA and 
A. caccae-monocolonized mice. h–j, Serum BLG-specific IgE (h), BLG-specific IgG1 (i) and mMCPT-1 (j) from mice in g. k,l, IL-13 (k) and IL-4 (l) in culture 
supernatants of splenocytes from CMA or A. caccae-colonized mice killed 24 h post-challenge and stimulated for 72 h with BLG. For c, d, f, and h–l, circles 
represent individual mice, and bars represent mean +  s.e.m. For g, circles represent mean, and bars represent s.e.m. For a and b, n =  18 healthy-colonized  
or 18 CMA-colonized mice per group. For c and d, n =  19 healthy-colonized or 21 CMA-colonized mice per group. For f, n =  14 germ-free, 20  
A. caccae-colonized, 18 healthy-colonized or 23 CMA-colonized mice per group. For g–j, n =  16 CMA-colonized and 16 A. caccae-colonized mice collected 
from three independent experiments with two different CMA donors (5 and 6), and bars represent mean +  s.e.m. For k and l, n =  6 CMA-colonized and 9 
A. caccae-colonized mice from 1 experiment, circles represent individual mice, and bars represent mean +  s.e.m. The DS-FDR method was used to compare 
groups in c, two-sided Student’s t test in d, one-way analysis of variance with Bonferroni multiple testing correction in f or linear mixed-effect models in g, 
and two-sided Student’s t test in h–l after log transformation. *P <  0.05, **P <  0.01, ***P <  0.001.
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independently corroborated in an unrelated set of samples from 
the same Neapolitan cohort by re-analysis of 16S fecal sample data 
collected in a previously published study5 (Extended Data Fig. 7). 
The donor-derived OTU ratio also separated healthy- and CMA-
colonized mice when plotted against biomarkers of allergic dis-
ease, including BLG-specific IgE (Fig. 2b), BLG-specific IgG1 
(Fig. 2c) and mMCPT-1 (Fig. 2d). Notably, linear discriminant 
effect size (LEfSe) analysis (Fig. 2e,f) showed that members of 
Lachnospiraceae, a family in the Clostridia class that was previously 
implicated in protection against allergic sensitization to food, were 
enriched in the healthy colonized mice7.

Tolerance to dietary antigens begins with their absorption in the 
small intestine4,12. Most commensal bacteria reside in the colon; in 
the small intestine, bacteria are most numerous in the ileum13. The 
interaction of these bacteria with intestinal epithelial cells (IECs) is 
central to regulation of immunity at the host-microbe interface13,14. 
We therefore isolated ileal IECs from groups of mice colonized by each 
of the eight infant donors and quantified gene expression by RNA 
sequencing (RNA-seq; Fig. 3a). We found that healthy-colonized 
mice upregulated a unique set of ileal genes compared with CMA-
colonized mice (Fig. 3a and Supplementary Table 4). For example,  
Fbp1, which encodes a key gluconeogenic enzyme abundantly 
expressed in epithelial cells of the small intestine15, was significantly 
upregulated across all healthy-colonized mice (Fig. 3a). Reduced 
expression of Fbp1 has been associated with a metabolic switch 
from oxidative phosphorylation to aerobic glycolysis16,17, which 
alters oxygenation of the epithelium and contributes to dysbiosis18.  
Tgfbr3 and Ror2 were downregulated in the ileum of CMA-
colonized mice relative to healthy-colonized mice (Fig. 3a). Tgfbr3 
encodes a receptor for the growth factor TGF-β  and is abundantly 
expressed in the small intestine of suckling rats19. Soluble TGFβ 
RIII and TGF-β 2 are present at high concentrations in breast milk; 
activation of TGF-β  signaling by Wnt5a is mediated through Ror2 
and is important for epithelial repair20. By contrast, Acot12 and Me1,  
genes involved in pyruvate metabolism, were upregulated in the 
ileum of CMA-colonized mice relative to healthy-colonized mice. 
These metabolic and molecular processes are reflected in the 
Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways that were significantly altered in CMA- 
and healthy-colonized mice (Fig. 3b).

To determine whether the fecal OTU signatures identified in Fig. 2  
are also reflective of ileal bacterial populations, we examined the 
correlation between ileal OTUs and the fecal signature in healthy- 
and CMA-colonized mice (Extended Data Fig. 8a). We found that 
the majority of the taxa change in the same direction (increase or 
decrease in abundance) in healthy relative to CMA between mouse 
fecal and ileal samples (Extended Data Fig. 8b,c). The identification 
of differential gene expression in ileal IECs from healthy- and CMA-
colonized mice (Fig. 3a) suggested that ileal bacteria regulate host 
immunity to contribute to allergic sensitization. Integrative analy-
sis of ileal bacteria and ileal differentially expressed genes (DEGs) 
revealed nine OTUs significantly and consistently correlated with 
genes upregulated in the ileum of healthy- or CMA-colonized mice 
(Fig. 4a). Notably, three out of five of the protective OTUs associated 
with DEGs upregulated in the ileum of healthy-colonized mice are 
members of the family Lachnospiraceae; 70% of the OTUs in our 
previously identified allergy protective murine Clostridia consortium 
belong to this family7. A BLAST search of assembled 16S sequences 
against the National Center for Biotechnology Information data-
base (16S ribosomal RNA, Bacteria and Archaea) revealed that all 
three protective Lachnospiraceae OTUs upregulated in the healthy-
colonized mice (259772, New18, and 177986) have Anaerostipes 
caccae as the closest matching species. In particular, OTU259772 
was annotated with A. caccae in a previous study of human infant 
feces and diet21. A. caccae is non-spore-forming, utilizes lactate and 
acetate and produces butyrate22,23. Spearman’s correlations between 

Lachnospiraceae OTU259772 and several highly correlated ileal 
DEGs of interest (Ror2, Fbp1, Tgfbr3, Acot12, and Me1) from Fig. 3a  
are depicted in Fig. 4b. Analysis of ileal and fecal samples using quanti-
tative PCR (qPCR) with previously validated species-specific primers24  
provided independent confirmation of the enrichment of A. caccae 
in healthy-colonized mice (Fig. 4c–e and Extended Data Fig. 9a–c). 
Abundance of A. caccae in ileal samples also correlated with DEGs 
from ileal IECs (Extended Data Fig. 10). Of note, two of the highly cor-
related DEGs (Acot12 and Me1) are involved in pyruvate metabolism. 
Butyrate is an important energy source for colonic epithelial cells25.  
Butyrate drives oxygen consumption by colonocytes through β -oxida-
tion, thereby maintaining a locally hypoxic niche for butyrate-produc-
ing obligate anaerobes26. Under conditions of dysbiosis, colonocytes 
generate energy via glycolysis, a process that includes production of 
pyruvate as a key intermediate27. It is tempting to speculate that the 
negative correlation between the abundance of butyrate-producing  
A. caccae and pyruvate metabolism-related genes in IECs from  
CMA-colonized mice is reflective of metabolic shifts in ileal epithelial 
function under conditions of dysbiosis.

We next examined whether A. caccae can mimic the changes 
in gene expression and protection against anaphylaxis associated 
with the healthy microbiota by monocolonizing germ-free mice 
(see Online Methods). Some of the genes significantly upregulated 
in healthy-colonized mice (Fbp1, Tgfbr3) were also significantly 
upregulated in A. caccae-monocolonized mice (Fig. 4f) com-
pared with germ-free or CMA-colonized mice. Acot12 expression 
was significantly upregulated in CMA-colonized mice, but not in 
healthy-colonized or A. caccae-monocolonized mice (Fig. 4f). 
BLG plus cholera toxin-sensitized A. caccae-monocolonized mice 
were protected against an anaphylactic response to BLG chal-
lenge. As in Fig. 1, CMA-colonized mice exhibited a marked drop 
in core body temperature indicative of anaphylaxis (Fig. 4g). Both 
the changes in core body temperature and serum concentrations of 
mMCPT-1 were significantly reduced in A. caccae-monocolonized 
mice compared with CMA-colonized mice (Fig. 4g,j). Antigen-
specific, Th2-dependent antibody (serum BLG-specific IgE and 
IgG1; Fig. 4h,i) and cytokine ( IL-13 and IL-4; Fig. 4k,l) responses 
were all reduced in A. caccae-monocolonized mice.

Anaerobic, mucosa-associated bacteria in the Clostridia class have 
attracted considerable interest because of their reported roles in the 
maintenance of intestinal homeostasis through induction of regula-
tory T cells28,29, production of immunomodulatory metabolites30,31  
and regulation of colonization resistance32. Previous studies have 
focused mostly on the colon. We now also place these immu-
nomodulatory bacteria in the ileum, at the site of food absorp-
tion, and our findings demonstrate their causal role in protection 
against an anaphylactic response to food. Mechanistic analysis of 
the Clostridia-associated changes in ileal gene expression described 
herein is likely to reveal additional pathways critical to the mainte-
nance of tolerance to dietary antigens. The model described in this 
report does not address whether the allergic state drives dysbiosis33  
or whether dysbiosis precedes allergy. Indeed, many factors are 
likely to contribute to the development of food allergies. Our data 
demonstrate that the commensal bacteria have an important role in 
preventing allergic responses to food and provide proof of concept 
for the development of microbiome-modulating strategies to pre-
vent or treat this disease.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41591-018-0324-z.
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Methods
Gnotobiotic mouse husbandry. All mice were bred and housed in the Gnotobiotic 
Research Animal Facility (GRAF) at the University of Chicago. GRAF is an 
operational facility of the University of Chicago Animal Resource Center. Mice 
were maintained in Trexler-style flexible film isolator housing units (Class 
Biologically Clean) with Ancare polycarbonate mouse cages (catalog number 
N10HT) and Teklad Pine Shavings (7088; sterilized by autoclave) on a 12 h light/
dark cycle at a room temperature of 20–24 °C. Mice were provided with autoclaved 
sterile water, USP grade, at pH 5.2 ad libitum. Bedding was changed weekly; 
cages of formula-fed mice required near-daily bedding changes due to leakage 
of formula from the bottles. All mice were fed Purina Lab Diet 5K67, stored in a 
temperature-controlled environment in accordance with The Guide for the Care 
and Use of Laboratory Animals, 8th edition. The diet was sterilized by autoclaving 
at 121 °C ×  30 min. The sterility of the isolators was checked weekly by both 
cultivation and 16S ribosomal RNA analysis of fecal samples by qPCR. Cultivation 
was in BHI, nutrient and Sabouraud broth at 37 °C aerobic and anaerobic and 42 °C 
aerobic for 96 h. All mice are initially screened upon rederivation or receipt for 
all internal and external parasites, full serology profile and/or PCR, bacteriology, 
and gross and histologic analysis of major organs through either IDEXX Radil or 
Charles River Lab using an Axenic Profile Screen. Germ-free C3H/HeN mice were 
transferred within the facility from T. Golovkina (University of Chicago).

Preparation of human fecal samples. Healthy (non-allergic) fecal samples were 
obtained from participants in a vaccination program. These subjects were not at 
risk for atopic disorders, and their clinical history was negative for any allergic 
condition. Infants with CMA were diagnosed at a tertiary pediatric allergy 
center (Pediatric Allergy Program at the Department of Translational Medical 
Science of the University of Naples Federico II); for complete patient information 
see Supplementary Tables 1 and 2. All aspects of this study were conducted in 
accordance with the Declaration of Helsinki and approved by the ethics committee 
of the University of Naples Federico II. Written informed consent was obtained 
from the parents/guardians of all children involved in the research. Fresh fecal 
samples were collected in the clinic in sterile tubes, weighed, mixed with 2 ml 
LB broth plus 30% glycerol per 100–500 mg, aliquoted into sterile cryovials and 
immediately stored at − 80 °C. Samples were shipped on dry ice to the University 
of Chicago, where they were stored at − 80 °C until homogenization. To colonize 
mice, frozen fecal samples were introduced into an anaerobic chamber and 
thawed. Thawed feces were mixed with 3 mm borosilicate glass beads in a sterile 
50 ml tube with 2.5 ml pre-reduced PBS plus 0.05% cysteine and vortexed gently 
to dissociate. The resulting homogenate was filtered through a 100 µ m filter. This 
homogenization and filtration process was repeated three more times, and the final 
filtrate was mixed with an equal volume of 30% glycerol plus 0.05% cysteine. This 
solution was aliquoted into Balch tubes with rubber stoppers for transport and 
introduction into the gnotobiotic isolator. The remaining fecal solution was frozen 
in aliquots at − 80 °C.

Colonization of germ-free mice. All mice were weaned at 3 weeks of age onto 
a plant-based mouse chow (Purina Lab Diet 5K67) and colonized with human 
feces at weaning. Germ-free mice received autoclaved sterile water. Both male 
and female mice were used for all experiments. Each experiment was littermate 
controlled. All mice were identified by unique five-digit ear tags. All work was 
performed in accordance with the University of Chicago Institutional Biosafety 
and Animal Care and Use Committees. Each human infant donor transfer was 
maintained in its own flexible film isolator to avoid cross-contamination. In all 
experiments, repository mice were created from human fecal donors by intragastric 
gavage of germ-free mice with 500 µ l of freshly prepared infant fecal homogenate. 
These repositories were then used to colonize subsequent experimental mice via 
mouse-to-mouse transfer by intragastric gavage of mouse feces. Fecal samples from 
both repository and experimental mice were examined regularly by 16S rRNA 
analysis, which demonstrated that mouse-to-mouse transfer from repository to 
experimental mice by gavage was highly reproducible and stable over time. For 
colonization of experimental mice, a freshly voided fecal pellet from a repository 
mouse was homogenized in 1 ml of sterile PBS, and 250 µ l of this homogenate 
was used to gavage one recipient mouse. For mice fed infant formula, the 
drinking water was replaced by formula 4 h prior to colonization. Mice colonized 
with healthy infant feces were given Enfamil Infant (Mead Johnson Nutrition), 
and CMA-colonized mice were given extensively hydrolyzed casein formula, 
Nutramigen I (Mead Johnson Nutrition) ad libitum. Both dry and liquid forms 
of the formulas were utilized. Dry formula was mixed with autoclaved sterile 
water, USP grade, according to the manufacturer’s instructions. All formulas were 
refreshed daily.

For A. caccae-monocolonized mice, A. caccae (DSM-14662; Deutsche 
Sammlung von Mikroorganismen und Zellkulturen) was cultured in an anaerobic 
chamber (Coy, Model B) in reduced Schaedler’s broth (Remel) overnight at 37 °C 
to an optical density (OD600) of 1.08, and 250 µ l (approximately 2.5 ×  108 CFU) 
was gavaged to germ-free mice. These mice were monitored for colonization by 
qPCR and were maintained as living repositories. For colonization of experimental 
mice, Enfamil Infant formula (liquid) was added to the drinking water 4 h prior 
to colonization. A freshly voided fecal pellet from a repository mouse was then 

homogenized in 1 ml of sterile PBS, and 250 µ l of this homogenate was used to 
gavage one recipient mouse. Monocolonization with A. caccae was confirmed 
by qPCR with species-specific primers (Supplementary Table 6). In addition, 
monocolonization with A. caccae was confirmed by 16S rRNA-targeted sequencing 
of fecal samples collected at sacrifice for all experimental mice.

16S rRNA-targeted sequencing. Bacterial DNA was extracted using the Power 
Soil DNA Isolation Kit (MoBio). At the Environmental Sample Preparation and 
Sequencing Facility at Argonne National Laboratory, 16S rRNA gene amplicon 
sequencing was performed on an Illumina MiSeq instrument. Procedures 
described in ref. 34 were used to generate 151–base pair (bp) paired-end reads from 
the fecal samples with 12-bp barcodes. The V4 region of the 16S rRNA gene was 
PCR amplified with region-specific primers (515F–806R) that include sequencer 
adapter sequences used in the Illumina flowcell. The microbiota signature cohort 
consisting of infant donor fecal samples and gnotobiotic mouse fecal and ileal 
samples (n =  99) was analyzed by Quantitative Insights into Microbial Ecology 
(QIIME) v.1.935. Raw reads were trimmed to remove low-quality bases; paired-end 
3′  overlapping sequences were merged using SeqPrep (https://github.com/jstjohn/
SeqPrep). The open reference OTU picking protocol was used at 97% sequence 
identity against the Greengenes database (August 2013 release)36. Sequences 
were aligned with PyNAST37. Taxonomic assignments were made with the uclust 
consensus taxonomy assigner38; predicted chimeric sequences were removed using 
ChimeraSlayer (v.20110519; http://microbiomeutil.sourceforge.net). Data were 
rarefied to an even depth of 3,160 reads for the donor and colonized mouse cohort 
(n =  99, consisting of donor fecal samples, mouse fecal samples at 2 and 3 weeks 
post-colonization, and mouse ileal samples) and 10,050 reads for the mouse 
cohort shown in Extended Data Fig. 8c (n =  70, consisting of paired fecal and ileal 
samples from the 35 mice at 1 week post-colonization). Alpha (Shannon index) 
and beta diversity metrics were compared between CMA and healthy groups using 
the Mann–Whitney–Wilcoxon test (non-parametric) and PERMANOVA with 
weighted UniFrac distance in R package vegan (v.2.4.5)39, respectively. Pielou’s 
evenness index J′  was computed by ′ = ′J H

InS
, where H′  is the Shannon index, ln 

is natural logarithm, and S is the maximum number of OTUs. Discrete false 
discovery rate (DS-FDR)40 was used to identify differentially abundant bacterial 
taxa between fecal communities of the CMA and healthy groups with parameters 
‘transform_type =  normdata, method =  meandiff, alpha =  0.10, numperm =  1000, 
fdr_method =  dsfdr’ (accessed 02/26/2018; https://github.com/biocore/dsFDR). 
Compared with the Benjamini–Hochberg false discovery rate (BH-FDR) method, 
the DS-FDR method has increased power with limited sample size and is robust to 
sparse data structure (low proportion of non-zero values in the microbe abundance 
table) and is therefore uniquely suited for data analysis of microbe communities40. 
The DS-FDR algorithm does not compute adjusted P values; instead, it estimates 
the FDR from a permutation test (default 1,000 permutations), which controls the  
FDR at the desired level (0.10). As such, it computes the raw P values, test statistics 
and rejected hypotheses in the output (Supplementary Tables 3 and 5). In each 
comparison, OTUs present in fewer than four samples were removed prior to 
applying the DS-FDR test. LEfSe analysis was used to identify taxa significantly 
enriched in the CMA or healthy group compared with the other, using the per-
sample normalization value of 1,000,000 and default values for other parameters41. 
In LEfSe analysis, the linear discriminant analysis (LDA) score was computed for 
taxa differentially abundant between the two groups. A taxon at P <  0.05 (Kruskal–
Wallis test) and log10[LDA] ≥  2.0 (or ≤  − 2.0) was considered significant. For Fig. 2a,  
after differential abundance testing in donor CMA versus healthy comparison 
using DS-FDR, we further filtered the significant OTUs by requiring presence in 
at least two mouse groups, leaving a total of 58 OTUs for further analysis. An OTU 
ratio was calculated by dividing the total number of potentially protective OTUs 
(more abundant in healthy) by the total number of potentially non-protective 
OTUs (more abundant in CMA) per sample. In addition, an OTU abundance score 
was computed taking into consideration the abundance of 58 OTUs identified 
in CMA relative to healthy donor fecal samples shown in Fig. 2a. First, data 
transformation was applied on the relative abundance to bring the signal close to 
Gaussian distribution. The relative abundance of each OTU was multiplied by a 
constant (1 ×  106) to bring all values to larger than 1, log10 transformed and scaled 
by dividing the value by their root mean square across samples. The abundance 
of potentially non-protective OTUs was multiplied by − 1. Next, the sum of the 
transformed abundance of the 58 OTUs was calculated to generate the aggregate 
score. To validate the OTU ratio differences in the independent cohort, we re-
analyzed the 16S sequencing data of fecal samples collected from the healthy 
and CMA infants (n =  38) in ref. 5 using the same analysis protocol described 
above, with data rarefied to an even depth of 6,424 reads. Among the 58 OTUs 
shown in Fig. 2a, 55 OTUs were assigned with known reference IDs and 3 with 
new reference IDs (Supplementary Table 3). The new reference OTU IDs are not 
comparable between different analysis cohorts, so we focused on the OTUs with 
known reference IDs. Out of 55 known OTUs, 52 were matched in the re-analyzed 
independent cohort and used for the calculation of protective/non-protective OTU 
ratio depicted in Extended Data Fig. 7.

Food allergen sensitization and challenge. Protocols were adapted from ref. 7. 
All mice were weaned onto a plant-based mouse chow (Purina Lab Diet 5K67) 

NATuRE MEDiCiNE | www.nature.com/naturemedicine

https://github.com/jstjohn/SeqPrep
https://github.com/jstjohn/SeqPrep
http://microbiomeutil.sourceforge.net
https://github.com/biocore/dsFDR
http://www.nature.com/naturemedicine


LettersNATurE MEDiCiNE

at 3 weeks of age. Germ-free mice received autoclaved sterile water. For mice 
colonized with feces from infant donors, or monocolonized with A. caccae, the 
drinking water was replaced by formula 4 h prior to colonization. Mice colonized 
with healthy feces or A. caccae received Enfamil; CMA-colonized mice received 
Nutramigen (both from Mead Johnson). On day 0, one week post-weaning (germ-
free) or colonization (healthy/A. caccae/CMA), all mice were fasted for 4 h and 
then given a gavage of 200 mM sodium bicarbonate. After 30 min, mice were 
given 20 mg BLG (Sigma-Aldrich) plus 10 µ g cholera toxin (List Biologicals). This 
protocol was repeated weekly for 5 weeks. For formula-fed mice, formula was 
replaced by sterile water for the week after the last sensitization. Prior to challenge 
on day 42, mice were fasted for 4 h and given sodium bicarbonate by gavage. Two 
doses of 100 mg BLG each were then administered via intragastric gavage 30 min 
apart. Core body temperature was measured in a blinded fashion prior to allergen 
challenge and every 5 min after the first challenge until at least 30 min after the 
second challenge using a rectal probe (PhysiTemp). Serum was collected 1 h after 
the second challenge to measure mMCPT-1 levels. Serum was collected 24 h after 
challenge for antibody measurements.

ELISAs. mMCPT-1 was quantified in serum collected 1 h after the second 
challenge according to the manufacturer’s protocol (eBioscience). BLG-specific 
ELISAs were performed using protocols modified from ref. 7. Briefly, plates were 
coated overnight at 4 °C with 100 µ g ml−1 BLG in 100 mM carbonate-bicarbonate 
buffer (pH 9.6). Plates were blocked for 2 h at room temperature with 3% BSA. 
Samples were added in 1% BSA and incubated overnight at 4 °C. Assays were 
standardized with BLG-specific antibodies (IgE or IgG1) purified on a BLG-
conjugated-CNBr-Sepharose affinity column using sera from mice immunized 
with BLG  plus alum42. BLG-specific antibodies were detected with goat anti–mouse 
IgE-UNLB (Southern Biotech) and rabbit anti–goat IgG-AP (Thermo Fisher 
Scientific), then developed with p-NPP (KPL Labs) or IgG1-HRP (Southern 
Biotech) and developed with TMB (Sigma-Aldrich). See Supplementary Table 7 for 
a list of all antibodies used in this report.

For cytokine analysis, spleens were harvested 24 h post-challenge from  
A. caccae- or CMA-colonized mice sensitized with BLG plus cholera toxin for 
5 weeks. Splenocytes were stimulated at a concentration of 2 ×  106 cells ml−1 at 
37 °C, 10% CO2 with 10 mg ml−1 BLG (Sigma-Aldrich) in cDMEM with 4% FCS 
(HyClone), 10 mM HEPES (Gibco), 100 U ml−1 penicillin/streptomycin (Gibco) 
and 55 µ M 2-mercaptoethanol (Gibco). Cytokine concentrations in 72 h culture 
supernatants were determined by ELISA for IL-13 and IL-4 (both from Invitrogen).

Epithelial cell isolation. As in sensitization experiments, mice were weaned at 
3 weeks of age and placed on infant formula prior to colonization. Seven days after 
colonization, mice were euthanized and ileum was removed. For IEC isolation, 
tissues were cleaned and inverted as described in ref. 43. IECs were collected by 
inflating inverted tissue in Cell Recovery Solution (Corning) every 5 min for 
30 min. IEC samples were lysed in TRIZol (Thermo Fisher Scientific), and RNA 
was extracted with a PureLink RNA Mini Kit (Ambion) plus on-column DNase 
treatment (PureLink DNase Set, Ambion).

RNA-seq. RNA libraries were prepared using a TruSeq Stranded Total Library 
Preparation Kit with Ribo-Zero human/mouse/rat (Illumina). Samples were 
sequenced at the University of Chicago Functional Genomics Core, using 50-bp 
single-end reads chemistry on a HiSeq2500 instrument, with sequencing replicates 
in two lanes. The quality of raw reads was assessed by FastQC (v.0.11.5)44. The 
QC30 score across 39 RNA-seq samples was 96.81% ±  0.06% (mean ±  s.e.m), 
which represents the percentage of bases with quality score ≥ Q30. Alignment to 
the mouse reference transcriptome was performed with Gencode gene annotation 
(v.M16, GRCm38) by Kallisto (v.0.43.1) with the strand-specific mode45. This 
mode implements a k-mer-based pseudo-alignment algorithm to accurately 
quantify transcripts from RNA-seq data while robustly detecting errors in the 
reads. The average mapping rate was 62.77% ±  1.10% (mean ±  s.e.m) based on the 
Kallisto pseudo-alignments to the reference transcriptome. On average, 35 million 
raw sequencing reads were generated per sample, and 22 million were mapped 
to the transcriptome using Kallisto. Transcript-level abundance was quantified 
specifying strand-specific protocol, summarized into gene level using tximport 
(v.1.4.0)46, normalized by the trimmed mean of M values method, and log2-
transformed. Genes expressed in at least six samples (counts per million reads >  3) 
were kept for further analysis. Genes differentially expressed between groups were 
identified using the limma voom algorithm with precision weights (v.3.34.5)47. The 
duplicateCorrelation function was used to estimate the correlation among mouse 
samples with ‘Donor’ (1 to 8) as the blocking factor. The lmFit function was used 
to fit all mouse samples (n =  39; 18 CMA-colonized, 18 healthy-colonized and 3 
germ-free) into one linear model incorporating the correlation structure computed 
from above. Contrasts were set as CMA versus healthy, CMA versus germ-free 
and healthy versus germ-free to identify DEGs in each comparison. Genes that are 
significantly differentially expressed between CMA and healthy, and also different 
from germ-free mice, were identified using a two-step procedure: first, genes were 
detected as different in CMA versus healthy comparison with fold change ≥  1.5 
or ≤  − 1.5 at FDR corrected P value smaller than 0.10; second, genes from the 
first step were further filtered by fold change ≥  1.5 or ≤  − 1.5 in CMA versus 

germ-free or healthy versus germ-free comparison at FDR 0.05. A more stringent 
FDR threshold (0.05) was applied in the second step to prioritize potentially true 
positives when compared with the negative control (germ-free). Multiple testing 
correction was performed using the BH-FDR method48. A total of 32 DEGs passed 
these thresholds, which represent 4 types of gene expression changes in colonized 
mice: (1) ‘up in healthy’: genes that are upregulated in healthy mice relative to 
both CMA and germ-free; (2) ‘up in CMA’: genes that are upregulated in CMA 
mice relative to both healthy and germ-free; (3) ‘down in healthy’: genes that are 
downregulated in healthy mice relative to both CMA and germ-free; and  
(4) ‘down in CMA’: genes that are downregulated in CMA mice relative to healthy 
and germ-free. The four groups of DEGs are shown in Figs. 3a and 4a. GO and 
KEGG pathways significantly enriched in the 32 DEGs of interest were identified 
using clusterprofiler (v.3.6.0)49 at FDR corrected P value smaller than 0.10 (BH-
FDR method, hypergeometric test). The DEGs were split into two groups for 
this analysis: ‘healthy’ included all genes that were ‘up in healthy’ and ‘down in 
CMA’, and ‘CMA’ included all genes that were ‘up in CMA’ and ‘down in healthy’. 
Correlation between DEGs and ileal OTUs significantly differentially abundant 
between CMA and healthy samples were computed using Spearman’s rank 
correlation method, followed by applying filters, first to keep the OTUs that show 
significant correlation with at least 1 DEG from the designated group at P <  0.05. 
For potentially protective OTUs (more abundant in healthy), they are correlated 
with genes from the ‘up in healthy’ or ‘down in healthy’ group; for potentially 
non-protective OTUs (more abundant in CMA), they are correlated with genes 
from the ‘up in CMA’ or ‘down in CMA’ group. Second, filters were applied to 
keep the OTUs that show a relatively consistent trend of positive correlation 
(Spearman’s ρ >  0.20) across at least 60% of the DEGs from the designated group. 
For potentially protective OTUs, they are correlated with genes from the groups 
‘up in healthy’ and ‘down in CMA’ joined; for potentially non-protective OTUs, 
they are correlated with genes from groups ‘up in CMA’ and ‘down in healthy’ 
joined. Finally, filters were applied to keep OTUs present in at least three CMA and 
three healthy mice. Nine ileal OTUs passed these correlation filters, and these are 
shown in Fig. 4a. Correlation between the relative abundance of OTUs and gene 
expression was calculated using Spearman’s correlation method with samples that 
are above the limit of detection for the assay.

qPCR. Gene expression was measured by qPCR as described in ref. 7. In brief, 
complementary DNA was prepared from RNA using the iScript cDNA Synthesis 
kit (BioRad). Gene expression was measured with PowerUp SYBR green master 
mix (Applied Biosystems) according to the manufacturer’s instructions. Primers 
are derived from refs. 20 and50–54 and are listed in Supplementary Table 8. Expression 
of genes of interest was normalized to Hprt. Relative expression was measured 
using Δ Δ Ct centered around the geometric mean; germ-free mice were used  
as a reference.

The presence of A. caccae in fecal and ileal samples was confirmed using qPCR 
as described in ref. 24. Bacterial DNA was extracted using the Power Soil DNA 
Isolation Kit (MoBio), and qPCR was performed using PowerUp SYBR green 
master mix (Applied Biosystems) using 4 µ l of each primer at 10 µ M working 
dilution and 2 µ l of bacterial DNA. Primers are listed in Supplementary Table 6. 
The cycling conditions for the reaction consisted of an activation cycle of 50 °C for 
2 min followed by one cycle of 95 °C for 10 min and 40 cycles at 94 °C for 20 s, 55 °C 
for 20 s and 72 °C for 50 s. The fluorescent probe was detected in the last step of this 
cycle. A melt curve was performed at the end of the PCR to confirm the specificity 
of the PCR product. Relative abundance is expressed as 2-Ct normalized to total 16S 
rRNA copies per gram of fecal material and multiplied by a constant (1 ×  1025) to 
bring all values above 1.

Histopathologic analysis. For histological analysis, 3 mm pieces of mid-colon and 
mid-ileum tissue were fixed in either 10% formalin for H&E staining or Carnoy’s 
fixative for periodic acid–Schiff (PAS) staining. Sectioning and staining were 
performed by the Human Tissue Resource Center at the University of Chicago.  
All sections were reviewed by a gastrointestinal pathologist in a blinded fashion.

Statistical analysis. Prism 7.0 (GraphPad) was used to perform one-way (Fig. 4f)  
ANOVA with Bonferroni correction for multiple comparisons and Student’s  
t test (Fig. 4d and Extended Data Fig. 9b), as indicated in the figure legends. The 
DS-FDR method was used to identify significant OTUs (Figs. 2a and 4c and 
Extended Data Fig. 9a) comparing CMA with the healthy group. The BH-FDR 
method was used for multiple testing correction in RNA-seq analysis (Fig. 3a) 
and Gene Ontology enrichment analysis (Fig. 3b). Shannon diversity and Pielou’s 
evenness were compared using a non-parametric Mann–Whitney–Wilcoxon 
test (Extended Data Fig. 3a,b). Analysis of protective/non-protective OTU ratio 
in the larger, independent cohort of infants was performed using two-sided 
Wilcoxon rank sum test (Extended Data Fig. 7). The biological responses of 
different donor colonized mice to sensitization with BLG (Figs. 1a–d and 4g and 
Extended Data Figs. 4a and 5a) were explored with linear mixed-effect models55 
based on restricted maximum likelihood in R (lmerTest v.3.0.1)56. Group (germ-
free, healthy and CMA in Fig. 1a; A. caccae and CMA in Fig. 4g; healthy BFD and 
CMA BFD in Extended Data Fig. 4a; H2O and Enfamil in Extended Data Fig. 5a) 
temperature changes across time (both linear and quadratic) were modeled as 
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temperature =  group +  time ×  group +  time ×  time ×  group with random intercepts 
and slopes estimated for individual mice. Contrasts of group temperature 
trends were performed using t-tests with the BH-FDR adjustment for multiple 
comparisons. To control for cases where groups contained multiple donors (Fig. 1a),  
we updated the previous model to include mice nested within each donor as a 
random effect and repeated the contrasts. Since the results of the two models were 
concordant, we chose to report the results from the first model for consistency 
of methods. For Fig. 1b–d, antibody concentrations were log transformed and 
modeled as log[concentration] =  group with donors as a random effect. Contrasts 
for group differences were performed using the previously mentioned methods. 
For Fig. 4h–l and Extended Data Figs. 4b–d and 5b–d, antibody and cytokine 
concentrations were log transformed and compared using t-tests. The data analysis 
commands (including the data files and R markdown files for reproducibility) are 
available from the authors upon request.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Code availability
The open-source analysis software used in this study is publicly available and 
referenced as appropriate. Custom codes are available from the corresponding 
author upon request.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request. The 16S rRNA and RNA-seq raw FastQ 
sequencing files were deposited into the National Center for Biotechnology 
Information Sequence Read Archive and are available under the accession numbers 
SRP130620 and SRP130644, respectively. Additional processed data reported in 
this study are available upon request.
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Extended Data Fig. 1 | Sensitization of healthy- or CMA-colonized mice with BLG plus cholera toxin does not result in intestinal pathology. 
Representative images of histological samples from BLG plus cholera toxin-sensitized healthy- or CMA-colonized mice 24 h post-challenge for donors 1 
(healthy) and 5 (CMA; see Supplementary Table 1). All sections stained with H&E or PAS, as indicated. Scale bars, 100 μ m.
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Extended Data Fig. 2 | Long-term colonization of germ-free mice with feces from healthy or CMA infants does not lead to intestinal pathology. 
Representative images of histological samples from unsensitized healthy- or CMA-colonized mice collected 5 to 6 months post-colonization for donors 
described in Supplementary Table 1. All sections stained with H&E or PAS, as indicated. Scale bars, 100 μ m.
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Extended Data Fig. 3 | Diversity analysis of fecal samples from healthy- or CMA-colonized mice. Shannon diversity index (a) and Pielou’s evenness index 
(b) in feces from healthy-colonized (orange) and CMA-colonized (blue) mice from Fig. 2a. n =  1–4 mice per colonized mouse group with feces taken at 2 
and 3 weeks post-colonization; see Online Methods). Each circle represents one fecal sample; bars represent mean  + s.e.m. The eight human formula-fed 
fecal donors are described in Supplementary Table 1.
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Extended Data Fig. 4 | Transfer of a healthy, exclusively breast-fed infant microbiota protects against an anaphylactic response to sensitization with 
BLG plus  cholera toxin. a, Change in core body temperature at indicated time points following first challenge with BLG of mice colonized with feces from 
breast-fed healthy or CMA infant donors (n =  13 mice per group, collected from at least 2 independent experiments). b–d, Serum BLG-specific IgE (b), 
BLG-specific IgG1 (c) and mMCPT-1 (d) from mice in a. Four of the BLG plus cholera toxin-sensitized CMA-colonized mice died of anaphylaxis following 
challenge. For a, symbols represent mean, and bars represent s.e.m. For b–d, symbols represent individual mice, and bars represent mean +  s.e.m. Linear 
mixed-effect models were used to compare groups in a and two-sided Student’s t-test in b after log transformation. The two human breast-fed fecal 
donors are described in Supplementary Table 2. *P <  0.05.
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Extended Data Fig. 5 | Continuous exposure to cow’s milk does not induce tolerance to BLG in germ-free mice fed with water or Enfamil and sensitized 
with BLG plus cholera toxin.  a, Change in core body temperature at indicated time points following first challenge with BLG of mice fed with water (n =  12) 
or Enfamil (n =  10) collected from 3 independent experiments. b–d, serum BLG-specific IgE (b), BLG-specific IgG1 (c) and mMCPT-1 (d) from mice in a. For 
a, circles represent mean, and error bars represent s.e.m. For b–d, circles represent individual mice, and bars represent mean +  s.e.m. Linear mixed-effect 
models were used to compare groups in a and two-sided Student’s t-test in b–d after log transformation. **P <  0.01. n.s. =  not significant (P =  0.36).
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 Extended Data Fig. 6 | Binary representation of protective and non-protective OTus in CMA and healthy donors and colonized mouse groups. a, Binary 
map of the presence/absence ratio of protective/non-protective OTUs in CMA and healthy donors with the same layout as Fig. 2a. Columns depict each 
donor (D) or colonized mouse group (m). n =  2–3 technical replicates per donor and n =  1–4 mice per colonized mouse group, with feces taken at 2 and 3 
weeks post-colonization; see Online Methods). Rows show 58 OTUs FDR controlled at 0.10 (see Online Methods) in human CMA versus healthy donor 
comparison, present in at least 4 human fecal samples and at least 2 groups of colonized mice (see Supplementary Table 3). The bar graphs above the 
grid map represent the total number of potentially protective (more abundant in healthy donors; orange) and potentially non-protective (more abundant 
in CMA donors; blue) OTUs in each individual donor or mouse group. The grid map represents presence (green) or absence (white) of protective and 
non-protective OTUs in each sample. b, A protective/non-protective OTU ratio was computed per individual donor or mouse group from a, taking into 
consideration the presence or absence of 58 OTUs. The donors and their murine transfer recipients are shown in squares and circles, respectively. The 
vertical dashed line represents a ratio of 2.6.
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Extended Data Fig. 7 | Validation of protective/non-protective OTu ratio 
using a larger, independent cohort of healthy and CMA infant donors. 
Box plots showing the protective/non-protective OTU ratio (see Fig. 2 and 
Extended Data Fig. 6) in fecal samples from healthy (n =  19) and CMA 
(n =  19) infants from ref. 5. The horizontal center line indicates the median, 
the boxes represent the 25th and 75th percentiles, and the whiskers extend 
to the farthest data point within a maximum of 1.5 times the interquartile 
range (IQR). All individual points are shown, with each circle denoting a 
subject. Out of the 58 OTUs shown in Fig. 2a, 55 OTUs were assigned with 
known reference IDs and 3 with new reference IDs. The new reference OTU 
IDs are not comparable across the different analysis cohorts, so we focused 
on the OTUs with known reference IDs. Among the 55 known OTUs, 52 
(29 protective OTUs and 23 non-protective OTUs) were detected in this 
cohort and were used for the ratio calculation (see Online Methods). The 
other 3 were not detected. Two-sided Wilcoxon rank sum test was used. 
*P <  0.05.
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 Extended Data Fig. 8 | The healthy versus CMA OTu abundance ratio is significantly correlated between mouse fecal and ileal samples.  a, Bubble plots 
show a similar pattern in fecal (n =  8 mice in healthy group, n =  9 mice in CMA group, with fecal samples collected at 2 and 3 weeks post-colonization, 
same as in Fig. 2a) and ileal samples (n =  22 mice in healthy group, n =  25 mice in CMA group) from healthy- and CMA-colonized mice; 58 OTUs 
significantly differentially abundant between CMA and healthy donors are shown in the same order as in Fig. 2a. The size of the circle indicates the 
magnitude of relative abundance enrichment towards either CMA or healthy. Color intensity indicates the statistical significance computed using the DS-
FDR permutation test (see Online Methods). b,c, The healthy versus CMA OTU abundance ratio is significantly correlated between mouse fecal and ileal 
samples. Each dot represents one individual OTU. For b, for each OTU, its average abundance was calculated at the group level among 8 healthy-colonized 
and 9 CMA-colonized mice for the fecal samples, and among 22 healthy-colonized and 25 CMA-colonized mice for the ileal samples. The ratios of OTU 
abundance in the feces are plotted on the x axis with the ratio of OTU abundance in the ileum on the y axis. For c, n =  35 (15 healthy-colonized and 20 
CMA-colonized) mice collected from at least 2 independent experiments were used for the calculation of both the fecal and ileal OTU abundance ratio, 
where fecal and ileal samples were collected from the same individual mice. For further details, see the Online Methods.
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Extended Data Fig. 9 | Abundance of OTu259772 (Lachnospiraceae) and A. caccae are correlated in fecal samples from healthy- and CMA-colonized 
mice.  a,b, Abundance of OTU259772 (Lachnospiraceae) from the 16S dataset (a) and abundance of A. caccae by qPCR (b) in fecal samples from 
healthy-colonized (n =  7) and CMA-colonized (n =  8) mice from Fig. 2. For each individual mouse, 1–2 fecal samples were collected at 2 and 3 weeks post-
colonization. LD indicates samples that were below the limit of detection for the assay. c, Spearman’s correlation between abundance of OTU259772 
(Lachnospiraceae; 16S sequencing) and abundance of A. caccae (qPCR) in fecal samples from healthy- and CMA-colonized mice from Fig. 2. Fecal samples 
that were above LD in both 16S and qPCR experiments are shown (n =  13). Each circle represents one fecal sample. For a and b, bars show mean +  s.e.m. 
For c, shaded bands indicate 95% confidence interval fitted by linear regression. The DS-FDR method was used to compare groups in a and two-sided 
Student’s t-test in b. ***P <  0.001.
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Extended Data Fig. 10  | Abundance of A. caccae in ileal samples correlates with gene expression in ileal iECs. Spearman’s correlation between 
abundance of A. caccae by qPCR and RNA-seq gene expression of Ror2, Fbp1, Tgfbr3, Acot12 and Me1 in ileal IECs (see Fig. 3a). Circles show individual mice, 
and shaded bands indicate 95% confidence interval fitted by linear regression. n =  36 (18 healthy and 18 CMA-colonized) mice collected from at least 2 
independent experiments. Samples with values above the limit of detection are shown (A. caccae abundance >  0).
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in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main 
text, or Methods section).

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND 
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars 
State explicitly what error bars represent (e.g. SD, SE, CI)

Our web collection on statistics for biologists may be useful.

Software and code
Policy information about availability of computer code

Data collection No software was used

Data analysis QIIME v1.9.1, SeqPrep v1.2, PyNAST v0.1, uclust v10.0.240, ChimeraSlayer v20110519, vegan v2.4.5, DS-FDR accessed 02262018, LEfSe 
v1.0, FastQC v0.11.5, Kallisto v0.43.1, tximport v1.4.0, limma v3.34.5, clusterprofiler v3.6.0, GraphPad Prism v7.0, lmerTest v3.0.1, R 
v3.4.3

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Data reported in this study are tabulated in the main text and supplementary materials. The 16S sequencing and RNA-Seq data files were deposited into The NCBI 
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Sequence Read Archive (SRA) and are available under the accession no. SRP130620 and SRP130644, respectively. Custom code and additional processed data used 
in this study are available upon request.

Field-specific reporting
Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences
Study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Each experiment contained at least 2 littermate controlled mice per colonization group, and typically 5-6 mice per group. Each experiment 
was repeated independently at least twice. See figure legends for details on n for each display figure. Given the time constraint and limited 
resource of the mouse model, in certain experiments the sample size is dictated by the availability of mice during designated experimental 
time.

Data exclusions 5 healthy-colonized and 2 CMA colonized mice were excluded from final analysis in Figure 1a-d. One mouse was runted at weaning and sickly 
at the time of challenge and was excluded based on this criteria. An isolator housing 4 healthy-colonized mice was compromised with a 
contamination during the experiment and these mice were therefore excluded. 2 CMA colonized mice were excluded because they had litters 
during sensitization protocol.

Replication Experimental findings were reproduced in at least two independent experiments.

Randomization Both male and female mice were used in all groups for all experiments. Mice were randomly allocated into each treatment group by staff at 
the Gnotobiotic Research Facility at University of Chicago based on instructions provided by the researcher. 
Human samples were selected to have healthy and CMA participants that were age- and gender-matched, had a similar birth route and age at 
fecal collection (see Supplementary Table 1  for patient details).

Blinding Temperature analysis for all challenges was performed in a blinded fashion by a second, independent lab member. All mice were identified by 
a unique 5 digit eartag which allowed for blinding during ELISA assays and other analyses as results were first analyzed and tabulated based on 
the 5 digit identifier before being matched to experimental groups.

Materials & experimental systems
Policy information about availability of materials

n/a Involved in the study
Unique materials

Antibodies

Eukaryotic cell lines

Research animals

Human research participants

Antibodies

Antibodies used Goat anti-mouse IgE UNLB Southern Biotech Cat# 1110-01 (1:2,000) 
Rabbit anti-goat IgG AP ThermoFisher Cat# 31300 (1:5,000) 
Goat anti-mouse IgG1 HRP Southern Biotech Cat# 1070-05 (1:10,000) 
Purified Rat anti-mouse IgE (IgE coating Ab) BD Pharminagen Cat# 553413 (1:250) 
Purified mouse IgE k Isotype control (IgE standard) BD Pharmingen Cat# 557079 (1:250) 
Biotin Rat anti-mouse IgE (Biotin IgE secondary Ab) BD Pharmingen Cat# 553419 (1:500) 
Purified Goat anti-mouse IgG1 (IgG1 coating Ab) Southern Biotech Cat# 1070-01 (1:1,000) 
Purified mouse IgG1-UNLB (IgG1 standard) Southern Biotech Cat# 0102-01 (1:5,000) 
Goat anti-mouse IgG1-HRP (IgG1 secondary Ab) Southern Biotech Cat# 1070-05 (1:10,000) 
Goat anti-mouse IgA-UNLB (fecal IgA coat) Southern Biotech Cat# 1040-01 (1:500) 
Purified mouse IgA k isotype control (IgA standard) BD Pharminigen Cat# 553476 (1:2,500) 
Goat anti-mouse IgA-AP (AP IgA secondary Ab) Southern Biotech Cat# 1040-04 (1:2,500) 
Mouse IL-13 Uncoated ELISA kit: ThermoFisher Scientific, Cat# 88-7137-88, Lot# 187510001 
Mouse IL-4 ELISA Ready-SET-Go!: Affymetrix eBioscience, Ref# 88-7044-88 Lot# E09342-1642 
Mouse MCPT-1 Uncoated ELISA Kit: Thermofisher Scientific, Cat# 88-7503-88 Lot# 173830001 
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Validation Validation of assays using antibodies is attached in Antibody Validation Form attached.

Research animals

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Animals/animal-derived materials Male and female germ-free C3H/HeN mice were used for all mouse studies in this paper. See methods section for these 
details.

Human research participants

Policy information about studies involving human research participants

Population characteristics Stool samples were collected from 8 male infants, at age of 6 months, with less than 14 days of breastfeeding. See 
Supplementary Table 1 for all details on human participants for this study.

Method-specific reporting
n/a Involved in the study

ChIP-seq

Flow cytometry

Magnetic resonance imaging
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