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Inulin-gel-based oral immunotherapy 
remodels the small intestinal microbiome 
and suppresses food allergy
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James J. Moon    1,2,3,4 

Despite the potential of oral immunotherapy against food allergy, adverse 
reactions and loss of desensitization hinder its clinical uptake. Dysbiosis of 
the gut microbiota is implicated in the increasing prevalence of food allergy, 
which will need to be regulated to enable for an effective oral immunotherapy 
against food allergy. Here we report an inulin gel formulated with an allergen 
that normalizes the dysregulated ileal microbiota and metabolites in allergic 
mice, establishes allergen-specific oral tolerance and achieves robust oral 
immunotherapy efficacy with sustained unresponsiveness in food allergy 
models. These positive outcomes are associated with enhanced allergen 
uptake by antigen-sampling dendritic cells in the small intestine, suppressed 
pathogenic type 2 immune responses, increased interferon-γ+ and 
interleukin-10+ regulatory T cell populations, and restored ileal abundances 
of Eggerthellaceae and Enterorhabdus in allergic mice. Overall, our findings 
underscore the therapeutic potential of the engineered allergen gel as a 
suitable microbiome-modulating platform for food allergy and other  
allergic diseases.

Food allergy has become a major public health concern across the 
globe, particularly in industrialized countries. Accidental exposure 
to allergens can provoke life-threatening hypovolemic shock, and the 
interventions have long been limited to strict allergen avoidance, emer-
gency treatments and experimental therapy1. The US Food and Drug 
Administration (FDA) recently approved the first oral immunotherapy 
(OIT) drug, Palforzia, which reduces the incidence and severity of aller-
gic reactions to peanuts by dampening the pathological type 2 immune 
responses2. However, 10–20% of patients discontinue Palforzia owing 
to adverse events, with gastrointestinal events as the most common 

reason3. Moreover, most patients fail to develop long-lived sustained 
unresponsiveness due to dosing intermittence, insufficient daily main-
tenance dose during OIT or OIT cessation for just 2–24 weeks4,5.

Growing evidence supports a link between gut dysbiosis, micro-
bial metabolites and food allergy6,7. Bacteriotherapy, including  
faecal microbiota transplantation and probiotics, has been reported 
to restore the healthy intestinal microbiota and promote allergen 
desensitization, with microbial metabolites being revealed as a  
crucial link8. However, safety concerns, lack of consensus on a core 
set of favourable microbial species and poor engraftment rate largely 
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used inulin gel (DP23) throughout the remaining studies. The mitiga-
tion of anaphylactic responses after inulin gel/OVA OIT was associated 
with decreased levels of OVA-specific IgE (known as the key indicator 
of anaphylaxis23), mucosal mast cell protease-1 (MMCP-1, a hallmark of 
mucosal mast cell degranulation24) and mast cells in the jejunum after 
the sixth intragastric challenge (Fig. 1i–k and Supplementary Fig. 2). 
Cytokine analysis of splenocytes restimulated ex vivo with OVA revealed 
that inulin gel/OVA elicited TH1-skewed response with increased levels 
of IFNγ; increased ratios of IFNγ/IL-4, IFNγ/IL-5, IL-2/IL-4 and TNF/IL-5; 
and decreased TH2 cytokines, including IL-4 and IL-13, compared with 
the PBS control (Fig. 1l–n). This allergen-specific shift of TH2- to TH1-type 
cytokines is known to dampen food allergic responses14.

Engineered inulin gel is crucial for the efficacy  
of OIT
Previous studies have shown that mouse chow diet supplemented with 
free native inulin partially relieved allergic responses induced by a sin-
gle intragastric allergen challenge25. Thus, we compared the efficacy 
of inulin gel/OVA against native inulin mixed with OVA (designated 
as inulin/OVA). Inulin/OVA OIT initially showed a protective effect on 
OVA challenge with mild anaphylactic and diarrhoea responses, but 
this effect was lost after repeated OVA challenges (Fig. 2a–c). Indeed, 
after the sixth challenge, mice treated with inulin/OVA developed 
severe hypothermic shock with significant body-weight loss, and 25% 
mice were dead (Fig. 2a–c). By contrast, inulin gel/OVA OIT resulted in 
improved protection throughout the six challenges (Fig. 2a–c). Com-
pared with inulin/OVA, inulin gel/OVA OIT significantly decreased the 
levels of OVA-specific IgE and MMCP-1 in serum (Fig. 2d,e).

In particular, formulating inulin and OVA into gel increased 
its physical strength and viscosity (Fig. 2f). In vivo imaging studies  
demonstrated that the oral administration of Texas Red-labelled OVA 
formulated with fluorescein isothiocyanate (FITC)-labelled inulin gel 
significantly enhanced the retention of inulin gel (Supplementary  
Fig. 3) as well as OVA throughout the small intestine (Fig. 2g). In 
particular, inulin gel/OVA significantly enhanced the retention of 
OVA in the ileum, compared with the inulin/OVA group (Fig. 2h). 
Moreover, inulin gel/OVA OIT restored the intestinal barrier func-
tion, as shown by the decreased level of circulating FITC-dextran 
post-oral administration, compared with the inulin/OVA group 
(Fig. 2i). Furthermore, flow cytometry analysis revealed that inu-
lin gel/OVA OIT facilitated antigen uptake by macrophage-like DCs 
(CD11c+MHC-IIhighCD103−CX3CR1+ DCs; Fig. 2j) and recruited tolero-
genic migratory DCs (CD11c+MHC-IIhighCD103+CX3CR1−) into the small 
intestinal lamina propria (SI-LP) (Fig. 2k and Supplementary Fig. 4). 
Macrophage-like CX3CR1+ DCs are known to sample luminal antigens 
and transfer them to tolerogenic migratory CD103+ DCs, which drive 
the differentiation of Treg cells for oral tolerance induction26.

Induction of immune regulatory cells in the small 
intestine
As the small intestine is known as a crucial site for immune toler-
ance against food antigens14,16, we evaluated the immune landscape 
of the SI-LP after inulin gel/OVA OIT via single-cell RNA sequencing 
(scRNA-seq). Compared with free OVA, inulin gel/OVA OIT increased the 
frequencies of Treg cells, TH17 cells, IFNB1+ DCs and cDC1 cells, whereas 
decreased plasma cells (Fig. 3a). In particular, compared with naive 
mice, OVA OIT substantially increased the frequencies of pathogenic 
mast cells and TH2 cells, especially CD69+ TH2 cells (known to promote 
type 2 cytokines and allergen-specific IgE27), whereas inulin gel/OVA 
OIT decreased their frequencies (Fig. 3b). Overall, the scRNA-seq data 
indicated that inulin gel/OVA OIT restored the dysregulated immune 
cell subsets in allergic mice towards the ‘healthy’ status of naive mice.

Complementing these datasets, the flow cytometry analyses indi-
cated that inulin gel/OVA OIT significantly decreased the frequency 
of pathogenic GATA3+CD4+ TH2 cells but increased the frequency of 

limit its clinical applications9. In particular, previous studies on how 
the gut microbiome promotes allergen desensitization have primar-
ily focused on analysing faecal samples for the gut commensals and 
certain microbial metabolites, including short-chain fatty acids and 
bile acids5,10. Although faecal sampling is a non-invasive and convenient 
method, faecal samples are an approximation of the whole gut microbi-
ome owing to regional differences along the gastrointestinal tract11–13. 
Importantly, antigenic priming and tolerance to food antigens begin in 
the small intestine14, and emerging evidence suggests a crucial role of 
the microbiota and metabolites of the small intestine in food allergy15. 
Yet, it remains unknown how to modulate intestinal microorganisms 
and their metabolites for therapeutic intervention against food allergy.

Delivery of dietary antigens to antigen-sampling dendritic cells 
(DCs) of the small intestine is crucial for gut homoeostasis and oral 
tolerance16. However, the mean transit time in the small intestine 
is short (60–70 min in mice and humans17,18), thereby limiting the 
antigen-sampling process and tolerance induction during OIT19. We 
have previously reported an oral prebiotic-based gel that can prolong 
gastric emptying and gastrointestinal residence time20. Here we have 
engineered a novel OIT platform based on inulin gel for oral antigen 
delivery to intestinal DCs and in situ modulation of the microbiome–
metabolites–immune axis. We demonstrate that inulin gel formulated 
with food allergen prolongs the intestinal retention of both inulin and 
allergen, and improves allergen uptake by tolerogenic DCs in the small 
intestine. Inulin-gel-based OIT suppressed T helper 2 (TH2) cell subsets 
and induced IFNγ+ and IL-10+ regulatory T (Treg) cells, and normalized 
the dysregulated microbiota and metabolites in the small intestine 
in mouse models of food allergy. Inulin-gel-based OIT established 
immune tolerance with durable efficacy against repeated food allergen 
challenges. As inulin is a widely consumed dietary fibre that is gener-
ally recognized as safe by the FDA, our work shows the therapeutic and 
translational potential of inulin-gel-based OIT.

Gel formulation protects mice against allergen 
challenges
Inulin gel/allergen is formulated by a simple heating–cooling process 
with inulin in phosphate-buffered saline (PBS), followed by blending 
with protein allergens (Fig. 1a)—a streamlined procedure amenable to 
large-scale production and quality control. We first examined the effi-
cacy of inulin gel/allergen in a widely used mouse model of anaphylaxis 
induced by chicken egg white ovalbumin (OVA)21. BALB/c mice were 
intraperitoneally sensitized with alum/OVA, followed by inulin gel/
OVA OIT for 20 days (Fig. 1b). Inulin gel/OVA OIT-treated mice exhibited 
a good safety profile without any observable body-weight change, 
anaphylaxis or abnormal complete blood count and biochemistry 
(Extended Data Fig. 1). OIT-treated mice were subsequently subjected 
to repeated intragastric challenges with OVA protein, as repeated intra-
gastric challenges increase the severity of oral-antigen-induced ana-
phylaxis22. After the sixth OVA challenge, mice in both PBS and free OVA 
groups exhibited a pronounced shock response as shown by the rapid 
drop in body temperature (Fig. 1c). In stark contrast, inulin gel/OVA 
markedly prevented systemic hypothermia (Fig. 1c), attenuated the ana-
phylactic response and allergic diarrhoea (Fig. 1d–g) and alleviated the 
body-weight drop (Fig. 1h). Inulin gel/OVA OIT prevented mortality in 
100% mice from the repeated challenges, compared with the death rate 
of 19% and 31% in the OVA and PBS groups, respectively (Supplementary 
Fig. 1). In particular, inulin gel alone without the allergen showed no 
protective effect against repeated challenges (Extended Data Fig. 2), 
indicating the importance of co-formulating inulin gel with allergen. 
Moreover, the therapeutic efficacy was dependent on the degree of 
polymerization (DP) of inulin, as inulin gel/OVA composed of DP23 
inulin showed improved protection against repeated OVA challenges 
and decreased the mast cell counts in the jejunum, compared with 
shorter DP inulin formulations, including inulin (DP7)/OVA or inulin 
gel (DP10)/OVA (Extended Data Fig. 3). Based on these results, we have 
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T-bet+CD4+ TH1 cells in mesenteric lymph nodes (MLN) (Fig. 3c,d). More-
over, inulin gel/OVA OIT increased the frequencies of FOXP3+CD4+ Treg 
cells in the SI-LP and MLN (Fig. 3e,f and Supplementary Figs. 5 and 6a). 
Further analysis on FOXP3+CD4+ Treg cells revealed that inulin gel/OVA 
OIT reduced the frequency of TH2-like GATA3+CD4+ Treg cells (Fig. 3g) 

and promoted RORγt+CD4+ Treg cells (Supplementary Fig. 6b). MLN cells 
analysed after ex vivo stimulation with phorbol 12-myristate 13-acetate 
(PMA) and ionomycin showed that inulin gel/OVA OIT increased the 
ratio of IFNγ+CD4+ T cells to IL-4+CD4+ T cells as well as IL-10 expres-
sion by TH2 cells (Fig. 3h, i). Inulin gel/OVA OIT also increased the 
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Fig. 1 | Inulin gel/OVA protects mice against repeated allergen challenges 
with chicken egg white. a, Images of inulin gel and inulin gel/AF647-labelled 
OVA. b, Schematic of the intestinal anaphylaxis and therapeutic regimen. As a 
healthy control group, naive BALB/c mice were not sensitized with alum/OVA. 
Mice in all other treatment groups were sensitized with alum/OVA on days 0 and 
14. From day 29, alum/OVA-sensitized mice were orally gavaged with PBS, OVA 
(1 mg per dose) or inulin gel (55 mg per dose)/OVA (1 mg per dose) for three times 
every four days. From day 49, mice from all groups (including naive mice) were 
challenged intragastrically (i.g.) with OVA (50 mg per dose) on six alternating 
days (days 49, 51, 53, 56, 58 and 60). c, After the sixth intragastric challenge, 
changes in the average and individual core body temperature were measured. 
d–h, Over the six consecutive intragastric challenges, mice were analysed for 
anaphylactic scores (d), diarrhoea occurrence rate (e) and diarrhoea severity 
score (f); images of diarrhoea occurrence during the third intragastric challenge 
(red boundary marks mice with diarrhoea, and the X indicates mortality) (g); 
body-weight drop (h). i–k, Mice were analysed for serum-OVA-specific IgE 

levels on day 48 (i), serum MMCP-1 concentrations at 60 min after the sixth 
intragastric challenge on day 60 (j), mast cell counts (each dot represents one 
mouse) and toluidine blue staining of jejunal mast cells (arrows) on day 62 (k). 
l–n, Splenocytes were restimulated ex vivo with 250 µg ml–1 OVA on day 62. After 
72 h, the supernatants were analysed for cytokines. The concentrations of IFNγ (l) 
and IL-4 and IL-13 (m) and the ratios of IFNγ/IL-4, IFNγ/IL-5, IL-2/IL-4 and TNF/IL-5 
(n) are shown. Data represent mean ± s.e.m. from a representative experiment of 
two independent experiments (n = 5 for naive, 7 for OVA or 8 for PBS and inulin 
gel/OVA (c,j); n = 10 for naive or 17 for other groups (d,h); n = 10 for naive or 16 for 
other groups (e,f); n = 10 for naive or 13 for other groups (i); n = 5 for naive, 6 for 
OVA, 7 for PBS or 8 for inulin gel/OVA (k); n = 5 for naive and OVA, 7 for PBS or 8 
for inulin gel/OVA (l); n = 5 for naive and 6 for other groups (m); n = 5 for naive in 
IFNγ/IL-4 and IL-2/IL-4 datasets and 4 for naive in IFNγ/IL-5 and TNF/IL-5 datasets; 
n = 6 for all other groups (n)). Data were analysed by two-way ANOVA (c,d,f,h) or 
one-way ANOVA (i–n) with Bonferroni’s multiple comparisons test.
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Fig. 2 | Inulin gel increases the residence time and uptake of allergen in the 
small intestine. Alum/OVA-sensitized BALB/c mice were treated as that shown 
in Fig. 1b. a, After the sixth intragastric challenge, the changes in the core body 
temperature and body weight were measured. b,c, Over the six consecutive 
intragastric challenges, anaphylactic scores (b) and diarrhoea occurrence rate 
and severity (c) were recorded. d,e, Mice were analysed with OVA-specific IgE 
levels in serum on days 48 and 55 (d) and the serum MMCP-1 concentration at 
60 min post-intragastric challenge on day 60 (e). f, Dynamic rheological and 
viscosity measurements of inulin gel/OVA, inulin/OVA; G′ (elastic modulus) and 
G″ (viscous modulus). g,h, Alum/OVA-sensitized mice were orally gavaged with 
FITC-labelled inulin gel/Texas Red-labelled OVA, or FITC-labelled inulin/Texas 
Red-labelled OVA on day 29. The visualization of Texas Red-labelled OVA under 
Texas Red channel in the small intestine over time (g) and measurement of the 

total fluorescence intensity of Texas Red-labelled OVA in the small intestine, 
duodenum, jejunum and ileum (h) are shown. i, Mice were treated as in Fig. 1b 
and analysed for FITC-dextran in serum after oral gavage on day 57. j,k, Alum/
OVA-sensitized BALB/c mice received OIT as in Fig. 1b. Mice were orally gavaged 
with inulin gel/AF647-labelled OVA or inulin/AF647-labelled OVA on day 49. After 
3 h, the mice were euthanized for the analyses of OVA uptake by CX3CR1+ DCs (j) 
and frequency of CD103+ DCs (k) in SI-LP via flow cytometry. Data represent the 
mean ± s.e.m. from one of two independent experiments (n = 8 (a–d), 3 (f), 4 (h) 
and 6 (j,k); n = 7 for inulin/OVA or 8 for inulin gel/OVA (e); n = 6 for OVA; or n = 7 
for other groups (i) biologically independent samples). Data were analysed by 
two-way ANOVA (a–c,f, h) or one-way ANOVA (i–k) with Bonferroni’s multiple 
comparisons test or two-tailed Mann–Whitney test (e) or unpaired, two-sided 
Student’s t-test (a,d).
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expression of IFNγ and IL-10 among FOXP3+CD4+ Treg cells (Fig. 3j,k)—
subsets of Treg cells known to suppress food allergy28,29. In line with 
these results, an in vitro co-culture study with bone-marrow-derived 
dendritic cells (BMDCs) and OT-II CD4+ T cells showed that inulin 
gel/OVA markedly promoted the differentiation and proliferation of  

Treg cells (Extended Data Fig. 4). Together, these data show that inulin 
gel/OVA OIT decreased TH2-like cells whereas increased TH1-type cells 
and Treg cells in the SI-LP and MLN.

Next, we sought to delineate the role of Treg cells and immune regu-
latory cytokines induced by inulin gel/OVA OIT. The administration of 
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Fig. 3 | Inulin gel/OVA induces immune regulatory phenotype in the small 
intestine. BALB/c mice were treated as shown in Fig. 1b. The SI-LP were isolated 
on day 61, pooled from three mice per group and subjected to scRNA-seq.  
a,b, Uniform manifold approximation and projection (UMAP) in all samples, 
pie chart of the relative proportion of various cell types (a) and percentages 
of mast cells and CD69+ TH2 cells (b) were analysed. c–g, Small intestine and 
MLN were analysed before and after intragastric challenges. The frequencies 
of GATA3+CD4+ TH2 cells on day 57 (c), T-bet+CD4+ TH1 cells on day 61 (d) in MLN; 
FOXP3+CD4+ Treg cells in SI-LP on day 49 (before the intragastric challenge; e), 
and in MLN on day 61 (f) and representative flow cytometry plots; and frequency 
of GATA3+CD4+ Treg cells on day 57 (g) are shown. h–k, MLN cells were activated 
ex vivo with PMA and ionomycin on day 61. After 4 h, mice were analysed for the 
ratio of IFNγ+/IL-4+ in CD4+ T cells (h), the frequencies of IL-10+ among IL-4+CD4+ 

T cells (i), IFNγ+ Treg cells (j) and IL-10+ Treg cells (k). l–n, Alum/OVA-sensitized 
BALB/c mice were treated as in l, 100 µg of antibody against IL-10+ cells, IFNγ+ 
cells or isotype IgG1 control was administered intraperitoneally, as indicated. 
The changes in core body temperature (m) and body-weight drop at the sixth 
intragastric challenge (n) are shown. Data represent the mean ± s.e.m. (n = 3 (b); 
n = 4 for naive and OVA, 5 for inulin/OVA, 8 for PBS or 7 for inulin gel/OVA (c); n = 5 
for naive, 8 for inulin gel/OVA or 6 for other groups (d,f,i–k); n = 5 for naive, 6 for 
OVA, 7 for inulin gel/OVA or 8 for other groups (e); n = 4 for naive and OVA, 6 for 
inulin/OVA, 8 for PBS or 7 for inulin gel/OVA (g); n = 8 for inulin gel/OVA or 6 for 
other groups (h); n = 5 for naive, 7 for PBS and inulin gel/OVA plus isotype IgG1, or 
8 for other groups (m); n = 5 for naive, 7 for inulin gel/OVA plus isotype IgG1 or 8 
for other groups (n)). Data were analysed by one-way ANOVA (b–k,n) or two-way 
ANOVA (m) with Bonferroni’s multiple comparisons test.
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anti-CD25 antibody abrogated the protective effects of inulin gel/OVA 
OIT (Supplementary Fig. 7), suggesting Treg cell-mediated protection 
by inulin gel/OVA OIT. Specifically, we asked whether IFNγ and IL-10 
exerted a protective role against the allergen challenge either by aiding 
with inulin gel/OVA-induced establishment of immune regulatory phe-
notype or by direct protection during allergen challenge. The admin-
istration of anti-IFNγ IgG or anti-IL-10 IgG during the challenge phase, 
but not during OIT, reversed protection by inulin gel/OVA (Fig. 3l–n). 
These results suggest that IFNγ and IL-10 secreted during the allergen 
challenge, rather than during the inulin-gel/OVA OIT, played a major 
role in immune protection.

In summary, these data indicated that inulin gel/OVA OIT shifted 
the TH2-driven immune landscape in allergic mice towards TH1- and Treg 
cell-like phenotype and induced IFNγ+ and IL-10+ regulatory cells that 
protected animals against allergen challenge.

Inulin gel/OVA OIT establishes long-term 
protection
Palforzia requires initial dose escalation, up-dosing and maintenance 
dosing of allergen with a food vehicle. We mimicked this therapeutic 
regimen using inulin gel/OVA versus free OVA with dose escalation 
starting from 0.25 mg to a maintenance dose of 20 mg OVA (Fig. 4a). 
Over 75% of OVA-treated mice developed severe diarrhoea with marked 
body-weight decrease, and OVA-treated mice started to die after the 
third intragastric challenge (Fig. 4b–d). By contrast, inulin gel/OVA 
OIT inhibited anaphylactic responses and protected mice against diar-
rhoea (Fig. 4b–d). Inulin gel/OVA also reduced MMCP-1 in serum and 
mast cells in jejunum (Fig. 4e,f and Supplementary Fig. 8), and on ex 
vivo antigen restimulation, splenocytes from inulin gel/OVA group 
exhibited reduced TH2 cytokine secretion with markedly lower levels 
of IL-4 and IL-9 (Fig. 4g).

We performed a re-challenge study after OIT cessation (Fig. 4a), as 
done in a clinical trial where sustained unresponsiveness was evaluated 
after the discontinuation of OIT30. Inulin gel/OVA OIT-protected mice 
against OVA re-challenge performed 30 days after OIT cessation, with 
60% mice remaining free from diarrhoea (Fig. 4h). In line with this, mice 
treated with inulin gel/OVA maintained long-lasting immune tolerance 
profiles in the small intestine after OIT cessation; on day 79, mice still 
had significantly increased frequencies of FOXP3+CD4+ Treg cells in 
SI-LP and CD103+CD11C+MHC-II+ DCs in MLN; reduced frequency of 
IL-4+FOXP3+CD4+ Treg cells; and increased ratios of RORγt+/GATA3+, 
T-bet+/GATA3+, IFNγ+/IL-4+ among CD4+ T cells and/or FOXP3+CD4+ Treg 
cells in both SI-LP and MLN (Fig. 4i–m).

Insufficient maintenance dose during OIT can also increase the 
likelihood of regaining clinical reactivity4. To evaluate whether inulin 
gel/OVA can address this issue, we performed inulin gel/OVA OIT using 
a low dose of OVA (1 mg per dose), followed by oral challenges and OIT 
cessation. Surprisingly, even after 13 weeks of OIT cessation, mice 
treated with inulin gel/OVA OIT were well protected against repeated 
OVA re-challenges (Extended Data Fig. 5), indicating sustained unre-
sponsiveness induced by the inulin gel/OVA OIT.

Restoration of dysregulated microbiota in ileum
To examine whether oral tolerance induced by inulin gel/OVA OIT was 
dependent on gut microbiota modulation, we orally administered 
broad-spectrum antibiotics to mice during inulin gel/OVA OIT, lead-
ing to the abrogation of the protective effects of inulin gel/OVA OIT 
(Fig. 5a,b).

In particular, the microbiome in the small intestine is thought to 
be crucial for the development of Treg cells16, mucosal immune system31 
and oral tolerance to food antigens15. In particular, within the small 
intestine, the ileum has the highest bacterial load and is associated with 
the largest mass of lymphoid tissue16,31,32. However, most food allergy 
studies have focused on the faecal microbiome, which is a proxy for 
the microbiota composition in the colon12, rather than reflecting the 

dysregulated microbiota of the small intestine. Therefore, we examined 
microbial changes in both ileal and faecal contents during OIT via 16S 
ribosomal RNA gene sequencing. Consistent with other reports8,31, the 
gut microbiota in the ileal contents showed significantly lower richness 
(operational taxonomic unit (OTU)) and α-diversity (inverse Simpson 
diversity values) than those in faeces (Fig. 5c). In the ileal contents, 
the non-metric multidimensional scaling analysis (NMDS; known as β 
diversity) revealed that OVA-treated mice showed high dissimilarities 
from naive mice (P = 0.014), whereas the microbial profile of inulin gel/
OVA OIT-treated mice was overlapping with that of naive mice (P = 0.48; 
Fig. 5d). By contrast, the NMDS analysis of faecal microbiota revealed 
a distinct clustering of the microbial profiles of naive mice from all the 
treatment groups, including inulin gel/OVA OIT (P < 0.001; Fig. 5e).

In line with these results, microbial analyses at the family and genus 
levels indicated that OVA- and inulin/OVA-treated allergic mice had 
distinct ileal microbial profiles from that of naive mice, whereas inulin 
gel/OVA OIT restored the ileal microbiota to the ‘normal’ microbiome 
found in naive animals (Fig. 5f,g). By contrast, the faecal microbial com-
munity structure did not show any obvious shift among the different 
treatment groups (Fig. 5h,i).

Specifically, compared with naive mice, alum/OVA-sensitized mice 
treated with PBS, OVA or inulin/OVA had dramatically decreased the 
relative abundances of the Eggerthellaceae family and Enterorhabdus 
genus in the ileal contents, but not in the faecal contents (Fig. 5j). By 
contrast, inulin gel/OVA restored the relative abundances of both  
Eggerthellaceae and Enterorhabdus in the ileum to the normal 
levels in naive mice (Fig. 5j). We also performed Spearman’s cor-
relation coefficient analyses between the microbial abundances 
and serum-OVA-specific IgE titre. We observed an inverse correla-
tion between the levels of OVA-specific IgE and the relative abun-
dances of both Eggerthellaceae (family level, r = −0.34, P = 0.04) and  
Enterorhabdus (genus level, r = −0.41, P = 0.013) in the ileal contents, but 
not in the faeces (r ≈ 0, P ≥ 0.83; Fig. 5k,l). Interestingly, Enterorhabdus  
was recently reported to be negatively correlated with intestinal  
disorders33,34. In addition, inulin gel/OVA-treated mice had decreased 
ileal colonization of pathogenic Helicobacter and Staphylococcus 
(both known to be associated with food allergy and impaired oral  
tolerance35,36) as well as Pelomonas (associated with asthma, atopic 
dermatitis and allergen-specific IgE37,38) (Fig. 5g,k and Extended Data 
Fig. 6). Together, these data indicated the ileal microbiota as a crucial 
target of inulin gel/OVA OIT for food allergen desensitization.

Machine learning identifies immunomodulatory 
guanosine
We next examined changes in microbial metabolites in the ileal 
versus faecal contents during OIT via an untargeted metabolomics 
approach39,40. Sparse partial least-squares regression for discriminant 
analysis showed that the ileal contents from naive mice and inulin gel/
OVA-treated mice had overlapping unbiased global metabolite profiles, 
whereas the ileal contents from naive mice had distinct metabolite 
profiles from PBS-, OVA- or inulin/OVA-treated mice (Extended Data 
Fig. 7a). By contrast, the faecal contents from naive mice showed dis-
tinct metabolite profiles from all the treatment groups, and the inulin 
gel/OVA and inulin/OVA groups had overlapping faecal metabolite 
profiles (Extended Data Fig. 7a,b and Supplementary Fig. 9). These 
untargeted metabolomics analyses, in line with the microbial analy-
ses (Fig. 5), suggested that the therapeutic efficacy of inulin gel/OVA 
correlated with the restoration of the dysregulated microbiota and 
metabolites in ileum, rather than in faecal contents. Thus, we focused 
on analysing ileal metabolites after inulin gel/OVA OIT.

The metabolic pathway analysis in the ileal contents revealed 
that inulin gel/OVA OIT altered the metabolism of purine, pyrimidine, 
biotin and citric acid cycle (taurocholic acid cycle), compared with 
inulin/OVA OIT (Supplementary Fig. 10). In particular, inulin gel/OVA 
OIT substantially increased the ileal levels of nucleotides/nucleosides, 
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Fig. 4 | Inulin gel/OVA establishes durable protection with sustained 
unresponsiveness. a, Schematic of the intestinal anaphylaxis and therapeutic 
regimen. BALB/c mice were sensitized with alum/OVA. From day 29, mice were 
orally gavaged with inulin gel/OVA or free OVA. The dose of inulin gel was 55 mg, 
and the OVA (heated at 70 °C for 2 min) doses were 0.25, 0.5, 1, 2, 4, 8, 12 and 16 mg 
for the dose escalation phase and 20 mg for the maintenance phase. From day 49, 
mice were intragastric. challenged with OVA (50 mg per dose) on six alternating 
days (b–g) or challenged for four times and discontinued for 25 days, followed by 
intragastric re-challenge of OVA (h–m). b, After the third intragastric challenge, 
the body-weight change was recorded. c,d, During the three consecutive 
intragastric challenges, mice were analysed for anaphylactic scores (c) as well as 
diarrhoea occurrence rate and diarrhoea severity (d). e,f, Mice were analysed for 
MMCP-1 in serum on day 60 (e) and mast cell counts and toluidine blue staining of 
jejunal mast cells (arrows) on day 62 (f). g, Splenocytes were restimulated  
ex vivo with 250 µg ml–1 OVA on day 62. After 72 h, the supernatants were 
analysed for cytokines. h–m, Mice were re-challenged with OVA 25 days after 

the fourth intragastric challenge. Body-weight changes, anaphylactic scores 
and diarrhoea-free mice ratio on day 78 were measured (h); on day 79, mice were 
further analysed for the frequencies of FOXP3+CD4+ Treg cells in SI-LP (i); CD103+ 
DCs in MLN (j); the ratios of ROR-γt+/GATA3+ among CD4+ T cells and FOXP3+CD4+ 
Treg cells in SI-LP and MLN (k); the ratio of T-bet+/GATA3+ among CD4+ T cells 
in SI-LP (l) and frequency of IL-4+FOXP3+CD4+ T cells and ratio of IFNγ+/IL-4+ 
among FOXP3+CD4+ Treg cells in MLN (m). Data represent the mean ± s.e.m. from 
a representative experiment of two independent experiments (n = 15 for OVA 
or 14 for inulin gel/OVA (b); n = 16 for OVA or 15 for inulin gel/OVA (c,d); n = 8 for 
OVA or 4 for inulin gel/OVA (e); n = 6 for OVA or 4 for inulin gel/OVA (f,g); n = 6 
for OVA or 7 for inulin gel/OVA (h,j); n = 5 for OVA or 7 for inulin gel/OVA (i and l); 
n = 5 for OVA in SI-LP dataset and 6 for OVA in MLN dataset or 7 for inulin gel/OVA 
(k); n = 6 (m) biologically independent samples). Data were analysed by two-way 
ANOVA with Bonferroni’s multiple comparisons test (c,d) or unpaired, one-sided 
Student’s t-test (f) or two-tailed Mann–Whitney test (e) or unpaired, two-sided 
Student’s t-test (b,g–m).
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including guanosine, uridine, 5-thymidylic acid, pseudouridine,  
orotidine 5’-monophosphate and biotin whereas decreased the levels 
of guanosine-5’-diphosphate and phenylpropiolic acid, compared 
with at least three other groups (Extended Data Fig. 7b and Supple-
mentary Fig. 9). Inulin gel/OVA OIT also increased the levels of ileal 
short-chain fatty acids (Supplementary Fig. 11). Specifically, among 
these metabolites, guanosine was markedly decreased in mice treated 
with PBS (P < 0.01), OVA (P < 0.05) or inulin/OVA (P < 0.01), but inulin 
gel/OVA OIT significantly increased its level by 50%, compared with 
PBS (P < 0.05) and inulin/OVA (P < 0.05), restoring it to the normal 
level found in naive mice (Extended Data Fig. 7b). It is intriguing that 
certain nucleosides, including guanosine, are known to be protec-
tive against neurodegenerative disorders41, and guanosine has been 
shown to inhibit the MAPK and NF-κB pathways in M1 macrophages42; 
however, its effect on T cells is unknown. When we added guanosine 
to CD4+ T cell culture in suboptimal Treg- or TH1 cell-inducing condi-
tions, guanosine significantly increased FOXP3+CD25+ Treg cells and 
IFNγ+CD4+ T cells, respectively (Extended Data Fig. 7c,d). Moreover, 
even in a TH2-inducing condition, guanosine treatment substantially 
increased the frequency of IFNγ+CD4+ T cells in a dose-dependent 
manner (Extended Data Fig. 7e). By contrast, we did not observe such 
Treg- or TH1 cell-skewed responses with other metabolites that were 
increased in the ileum after inulin gel/OVA OIT, including 5-thymidylic 
acid, acetic acid, propionic acid, butyric acid, uridine, biotin and 
2’-deoxyguanosine (a chemical derivative of guanosine) (Extended 
Data Fig. 7c–e). Additionally, guanosine co-cultured with BMDCs in 
the presence of lipopolysaccharide decreased the expressions of CD80 
and CD86 on CD11c+CD11bintMHC-IIhi DCs, compared with lipopol-
ysaccharide treatment alone (Supplementary Fig. 12). To examine 
whether guanosine contributed to oral tolerance in vivo, we provided 
mice with or without guanosine in drinking water during OVA OIT. In 
response to repeated OVA challenges, OVA/guanosine OIT markedly 
attenuated the drop in body temperature, anaphylactic shock and diar-
rhoea, compared with OVA alone, although to a less degree than inulin  
gel/OVA OIT (Extended Data Fig. 8). Together, these results suggest 
that inulin gel/OVA OIT increased the ileal level of guanosine, which 
can tip the balance of TH2 phenotype to TH1 and Treg cell phenotypes, 
thereby contributing to the protective effects of inulin gel/OVA OIT.

The recent pioneering studies have integrated metabolomics in 
the microbiome analyses, most particularly, the NIH Human Micro-
biome Project that focused on inflammatory bowel disease and 
prediabetes43. However, the correlation between the ileal microbi-
ome and metabolome in food allergy and OIT remains unknown. We 
sought to delineate their association in the ileum using the hierarchi-
cal all-against-all significance association (HAllA) machine learning 
algorithm44, based on datasets obtained from the same animals. The 
HAllA algorithm can identify highly general association types in paired, 
high-dimensional and heterogeneous datasets with a high statistical 
power. We first separately performed hierarchical clustering within 
the microorganisms and the metabolite datasets to generate two data 

hierarchies in the order of similarity (Extended Data Fig. 7f (family 
level) and Supplementary Fig. 13 (genus level)). The machine learning 
analysis indicated a highly positive association between guanosine and  
Eggerthellaceae at the family level (Extended Data Fig. 7f ) and  
Enterorhabdus and Eggerthellaceae_unclassified at the genus level 
(Supplementary Fig. 13). Indeed, Spearman’s correlation analysis 
indicated statistically significant correlation between guanosine and  
Eggerthellaceae as well as Enterorhabdus in the ileum (P < 0.01; Extended 
Data Fig. 7g)—in line with a recent report45. These data suggest that 
inulin-gel-based OIT modulates the ileal microbiota, leading to the  
normalization of the dysregulated microbiome and metabolites, includ-
ing guanosine, which contribute to immune regulatory responses 
against food allergy.

Efficacy in various food allergy models
We sought to validate the efficacy of the inulin/allergen OIT in vari-
ous food allergy models. Inulin gel/casein OIT efficiently protected 
BALB/c mice in a model of cow’s milk allergy (Fig. 6a–c). Similarly, inulin  
gel/peanut extract OIT-protected C3H/HeJ mice against peanut allergy in 
alum/allergen-sensitized, oral-antigen-induced anaphylaxis (Fig. 6d–f).  
In addition, we sensitized mice with oral cholera toxin/peanut extract, 
followed by OIT and intraperitoneal peanut extract challenge (Fig. 6g). 
Cholera toxin can break oral tolerance, while parenteral peanut extract 
challenge induces more serious symptoms than the oral route. Mice 
treated with inulin gel/peanut extract were protected against the  
peanut extract challenge, as shown by the significantly decreased drops 
in body temperature (Fig. 6h,i) and anaphylactic responses (Fig. 6j). 
Moreover, a shorter and less-frequent regimen (inulin gel/OVA OIT 
every other day for 12 days) also protected mice against repeated  
OVA challenges (Extended Data Fig. 9). Together, inulin gel/allergen 
OIT was effective in various food allergy models in multiple mouse 
strains that exhibit different genetic predispositions, gut microbiome 
and immunological status46,47.

Safety and tolerability of inulin gel/OVA OIT
A recent study reported that mice on a chow diet supplemented with 
26% inulin fibre exhibited signs of type 2 inflammation, including eosin-
ophilia in the colon and lungs and increased microbiota-derived bile 
acids48. Thus, we compared the impact of a high inulin diet (26% inulin, 
equivalent to ~1,040 mg inulin consumption per day) versus inulin gel 
treatments used in the current study (55 mg dose per day). Indeed, naive 
mice kept on a high (26%) inulin diet for 13 days markedly increased 
eosinophils, neutrophils and monocytes in the colon (Extended Data 
Fig. 10a–i), compared with mice on a normal control diet. A high inu-
lin diet also increased the levels of cholic acid and taurocholic acid in 
serum, decreased levels of ω-muricholic acid and deoxycholic acid in 
faeces, and ω-muricholic acid and chenodeoxycholic acid in caecum 
(Extended Data Fig. 10j–l). In stark contrast, naive mice treated with 
55 mg inulin or inulin gel showed normal levels of various immune cell 
subsets (that is, eosinophils, neutrophils, monocytes, macrophages, 

Fig. 5 | Inulin gel/OVA normalizes the dysbiotic ileal microbiota in food 
allergy. a,b, Alum/OVA-sensitized mice were fed with antibiotic cocktails during 
OIT. From day 49, the mice received repeated intragastric challenges of OVA.  
a, Over the four consecutive intragastric challenges, changes in the anaphylactic 
scores, diarrhoea occurrence rate and diarrhoea severity were measured.  
b, After the fourth challenge, the body-weight changes were recorded. c–l, Alum/
OVA-sensitized BALB/c mice were treated as that shown in Fig. 1b. The microbial 
communities in the ileal contents and faeces were analysed via 16S rRNA gene 
sequencing. The analyses of the observed OTU, inverse Simpson diversity (c); the 
NMDS score plot (based on Bray–Curtis) in the ileal contents (d) and faeces (e); 
the relative abundances of the gut commensal microorganisms at the phylum 
and family levels in the ileal contents (f) and faeces (h); the heat maps showing the 
normalized Z-score values of the relative abundances of differentially abundant 
microorganisms at genus level in the ileal contents (g) and faeces (i) are shown.  

j, Relative abundances of Eggerthellaceae and Enterorhabdus in the ileal contents 
and faeces were compared. k, Spearman’s correlation coefficient analyses 
between the level of OVA-specific IgE in serum and the relative abundances 
of various differentially abundant microorganisms in the ileal contents or 
faeces. l, Spearman’s correlation coefficient analyses of Eggerthellaceae and 
Enterorhabdus with OVA-specific IgE in the ileal contents and faeces were 
compared. p, phylum; f, family; g, genus. Data represent the mean ± s.e.m. (n = 5 
(a,b); n = 5 for naive, 7 for OVA in ileal contents dataset or inulin/OVA in the faeces 
dataset or 8 for all other groups (c–e,j) biologically independent samples). Data 
were analysed by an analysis of molecular variance (AMOVA) (d,e); one-way (c,j) 
or two-way (a) ANOVA with Bonferroni’s multiple comparisons test or unpaired, 
two-sided Student’s t-test (b); or two-tailed Spearman’s rank correlation test (k,l). 
NS, not significant.
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DCs, B cells and T cells) in the colon and lungs as well as bile acids in 
serum, colon and caecum (Extended Data Fig. 10). Moreover, inulin 
gel/OVA OIT did not induce any signs of type 2 inflammation in allergic 
mice (Supplementary Figs. 14 and 15). Together, our low-dose inulin 
gel was well tolerated in healthy or allergic mice without any major 
safety concerns.

In summary, we have developed a new dietary-fibre-based gel plat-
form that can induce tolerogenic intestinal mucosal environment and 

establish long-term protection against food allergy. Our therapeutic  
strategy is based on a simple oral formulation of allergen and inu-
lin with FDA generally recognized as safe status, thereby potentially 
expediting scale-up manufacturing and translation. Moreover, our 
work reveals the diversity of gut microbiota and metabolites along 
the gastrointestinal tract after OIT and provides new insights into the 
interplay among gut homoeostasis, immune profiles and food allergy. 
As dysregulated microbiome and metabolites are linked to various 
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Fig. 6 | Therapeutic efficacy of inulin gel/allergen OIT in various food  
allergy models. a, Therapeutic regimen of cow’s milk allergy in BALB/c mice  
(a). b,c, Mice were analysed for anaphylactic scores on day 76 (b) and casein-
specific IgE in serum on days 70 and 77 (c). d, Therapeutic regimen of peanut 
allergy in alum/peanut extract (PE)-sensitized C3H/HeJ mice with intragastric 
challenges. e,f, Mice were analysed for anaphylactic scores on day 72 (e) and 
changes in the average core body temperature (f) after repeated intragastric 
challenges of peanut powder. g, Therapeutic regimen of peanut allergy in 

cholera toxin/peanut extract (CT/PE)-sensitized C3H/HeJ mice. h–j, Parenteral 
antigen-induced anaphylaxis (g), changes in the average (h) and individual core 
body temperature (i), and anaphylactic scores (j) after intraperitoneal challenge 
of peanut extract were measured. Data represent the mean ± s.e.m. from a 
representative experiment of two independent experiments (n = 5 for naive or 7 
for all other groups (b,c); n = 5 (e,f); n = 7 for naive or 5 for all other groups (h–j) 
biologically independent samples). Data were analysed by two-way (f,h) or one-
way (b,c,e,j) ANOVA with Bonferroni’s multiple comparisons test.
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autoimmune and allergic diseases, our strategy may offer a general 
pathway for microbiome-modulating therapeutic interventions.
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Methods
Preparation and characterization of inulin gel/allergen  
formulations
For inulin gel/OVA or inulin gel/casein, 495 mg of inulin was dissolved 
in 1.35 ml PBS and heated at 70 °C for 5 min with shaking. Then, 9 mg 
of OVA (Grade V, Sigma-Aldrich), casein (from bovine milk, 87–94% 
protein basis, Sigma-Aldrich) or preset dose of OVA was added right 
after cool-down of the inulin solution. For inulin gel/PE, 300 mg of 
inulin was dissolved in 0.9 ml deionized water. After heating for 5 min, 
8 mg of PE was added right after cool-down of the inulin solution. All 
these samples were kept at 4 °C for 24 h to get the inulin gel/allergen 
formulations. PE was prepared as described in a previous report with 
a minor modification49. In brief, 40 g of raw peanut powder was added 
to 500 ml of deionized water and stirred for 2 h at room temperature. 
The suspension was sonicated for 15 min and centrifuged at 3,000g 
for 30 min. Then, the supernatant was carefully collected and further 
centrifuged at 8,000g for 60 min. The supernatant containing the 
protein was lyophilized. The protein content in PE (around 20%) was 
determined by a bicinchoninic acid assay (Thermo Fisher). The rheol-
ogy study of inulin gel/OVA was carried out according to manufacturer’s 
instruction (Anton Parr MCR702 rheometer).

In vivo sensitization, OIT and challenges
Animals were cared for following the federal, state and local guidelines. 
All work conducted on animals were in accordance with and approved 
by the Institutional Animal Care and Use Committee. Female C3H/
HeJ mice or BALB/c (5–6 weeks old) from Jackson Laboratory were 
fed on the mouse chow diet (PicoLab Laboratory Rodent Diet 5L0D*). 
Mice were acclimatized for 1 week before experiment, followed by 
co-housing during the sensitization. For alum/OVA model, BALB/c 
mice were injected intraperitoneally with OVA (50 μg per dose) and 
alum (1 mg per dose, aluminium hydroxide gel, Invivogen) in 150 μl 
PBS on days 0 and 14. Naive mice not sensitized to OVA were included 
as a non-allergic, healthy control. The alum/OVA-sensitized mice were 
randomly grouped on day 28. From day 29, the sensitized mice were 
orally administered with PBS, OVA, inulin gel, inulin gel/OVA, inulin/
OVA, inulin (DP7)/OVA or inulin gel (DP10)/OVA for 20 days as speci-
fied in the schematic (OVA, 1 mg per dose; inulin, 55 mg per dose). The 
body weight of mice during OIT was recorded. All the mice received 
oral OVA challenges starting day 49. In guanosine/OVA OIT studies, 
OVA-sensitized mice were orally administered with inulin gel/OVA or 
free OVA and fed with normal drinking water as controls. In the OVA/
guanosine group, OVA-sensitized mice were orally administered with 
free OVA and fed with drinking water containing 37.5 µg ml–1 guanosine. 
In the escalation/maintenance-dosing setting, sensitized mice were 
orally administered with OVA or inulin gel/OVA using 0.25, 0.5, 1, 2, 4, 
8, 12 and 16 mg heated OVA (heating at 70 °C for 2 min), followed by 
20 mg of heated OVA for six times. The mice were deprived of food for 
4–6 h and intragastric challenged with 50 mg OVA in 250 μl PBS on six 
alternating days in 2 weeks. The body weight was recorded, and the 
body temperature during the last time of intragastric challenge was 
measured by a rectal probe for mice (Kent Scientific). All the other 
mouse allergy models can be found in  Supplementary Methods.

In vivo immunological analyses of the small intestinal tissue 
and MLN
Here, 24 h after the intragastric challenge, the MLN and small intestinal 
tissues ( jejunal and ileal segments) were collected. MLN were processed 
and filtered through a 70 μm strainer and resuspended at 50 million 
cells per ml. One million MLN cells were stained with CD16/32 block 
antibody (clone 93, eBiosciences) for staining of transcription fac-
tors. The other part of the MLN cells were seeded in a 96-well plate (106 
cells per well) in the presence of PMA and ionomycin (1:500 dilution,  
eBiosciences). Then, 2 h later, brefeldin A was added (BioLegend). 
The cells were obtained 2 h later for intracellular cytokine staining. 

For the small intestinal tissues, the tissues were cut into small pieces, 
repeatedly washed and then stirred with Hank’s balanced salt solution 
containing 1 mM dithiothreitol, 2.5% foetal bovine serum and 1 mM 
ethylene diamine tetraacetic acid at 37 °C for 30 min. Tissues were 
then digested with collagenase (type 3, Worthington Biochemical),  
DNase I (0.1 mg ml–1) and Hank’s balanced salt solution with 2.5%  
foetal bovine serum for 60 min. Subsequently, cell suspensions were 
isolated with Percoll (Fisher Scientific) solution (40:75%). Cells in the 
middle layer were collected for further flow cytometry analysis. Cells 
were blocked with anti-CD16/32 and then stained with the designated 
antibodies: allophycocyanin (APC)-eFluor 780-CD45 rat anti-mouse 
(clone 30 F11, eBioscience), PerCP-Cy5.5-CD3e Armenian hamster 
anti-mouse (clone 145 2C11, eBioscience), phycoerythrin (PE)-Cy7-CD4 
rat anti-mouse (clone GK1.5, eBioscience), APC-FOXP3 monoclonal 
antibody (clone FJK-16s, eBioscience), PE-IL-4 rat anti-mouse (clone 
11B11, eBioscience), FITC-IL-10 rat anti-mouse (clone JES5-16E3,  
eBioscience), BV421-anti-mouse IFNγ (clone XMG1.2, BioLegend), 
PE-T-bet mouse anti-human mouse (clone 4B10, eBioscience), 
Alexa Fluor 488-GATA-3 rat anti-mouse (clone TWAJ, eBioscience), 
BV421-RORγt mouse anti-mouse (clone Q31-378, BD). The cells were 
analysed at the Flow Cytometry Core, University of Michigan, with a 
ZE5 cell analyser (BioRad) or Cytek Aurora analyser (Cytek Biosciences).

Antigen uptake in the small intestine
Alum/OVA-sensitized BALB/c mice received the OIT treatment and 
AIN-93M chow (alfalfa-free diet to avoid the noise signal, Fisher Sci-
entific) was provided to mice for 3–4 days before tissue collection. 
Various samples including PBS, AF647-labelled OVA (Invitrogen), inulin/
AF647-labelled OVA or inulin gel/AF647-labelled OVA (inulin, 55 mg per 
dose; AF647-labelled OVA, 200 µg per dose) were orally administered 
to mice. After 3 h, the mice were euthanized and the SI-LP cells ( jejunal 
and ileal segments) were obtained as described in the ‘In vivo immuno-
logical analyses of the small intestinal tissue and MLN’ section. The cells 
were stained with fixable eFluor 450, PE-Cy7-CD11c Armenian hamster 
monoclonal antibody (clone N418, BioLegend), BV605 anti-mouse 
CX3CR1 (clone SA011F11, BioLegend), PE-CD103 rat anti-mouse (clone 
M290, BD), FITC anti-mouse I-A/I-E (clone M5/114.15.2, BioLegend), 
BV711-F4/80 rat anti-mouse F4/80 (clone T45 2342, BD Biosciences). 
Cells were analysed by a ZE5 cell analyser.

scRNA-seq analysis of the small intestinal tissue
Twenty-four hours after the sixth intragastric challenge, small intesti-
nal tissues ( jejunal and ileal segments) were collected and processed 
as described in the ‘In vivo immunological analyses of the small intes-
tinal tissue and MLN’ section. Cells were blocked with anti-CD16/32 
antibody. Each group had three biologically independent samples, and 
these samples were stained with three anti-mouse Hashtag antibodies 
(TotalSeq-C0301, TotalSeq-C0302 and TotalSeq-C0303, BioLegend). After 
30 min, Hashtag-labelled cells in each sample were counted and combined 
according to the group and cell-counting information. Cells in each group 
were purified so that the cell viability was at least over 70%. Single-cell 
RNA gene sequencing were conducted at the Advanced Genomics Core, 
University of Michigan. Cells were processed via 10× Genomics 5’ scRNA 
single-cell assay and the depth was above 50,000 reads per cell.

Single-cell clustering was performed as we previously described50. 
In brief, we normalized the scRNA-seq data by using the Seurat sctrans-
form pipeline to regress out the g2m.score, s.score and mitochondrial 
percentage. Then, we used a combination of 3,000 highly variable 
genes and a panel of anchor genes to stabilize the immune cell subtype 
architecture. This anchor panel contained the following genes: Cxcr5, 
Cd86, Ifnb1, Cd274, Irf5, Irf3, Ly6e, Tnf, Itgax, Lag3, Isg15, Icos, Gsdmd, 
Cd40, Fcer1a, Cd80, Il10, Tgfb1, Batf2, Cxcl9, Mrc1, Bcl6, Siglec15, Cd79a, 
Trdc, Tnfrsf4, Cd2, Tigit, Trac, Cd4, Ctla4, Cd8b1, Mx1, Foxp3, Tmem173, 
Trbc1, Ifna4, Trbc2, Pdcd1, Gzmb, Cd69, Eomes, Cd3d, Lgals9, Cd3e, 
Ncr1, Il6, Cd19, Nos2, Cd79b, Itgam, Batf3, Aim2, Xcr1, Gata3, Rorc, Il17a, 
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Havcr2, Cxcl10, Il3ra, Ifng, Nrp1, Tbx21, Ifnl3, Irf1, Cd14, Ly6g, Ly6c1, Cd8a 
and Lyz2. The annotation of each cell cluster was performed by using 
singleR and manual review of marker matrices as well as the most highly 
expressed genes that drove the cluster distinction. The cluster sizes 
among the conditions were compared using the R package ALDEx2. 
Normalized data were used to identify differentially expressed genes.

Microbial community analyses
Alum/OVA-sensitized BALB/c mice received OIT treatment as described 
in the ‘In vivo sensitization, OIT and challenges’ section. Faecal  
pellets were collected on day 48, whereas the ileal contents were  
collected on day 49. The microbiome DNA were isolated via a Qiagen 
MagAttract power microbiome kit by the University of Michigan’s 
Microbiome Core; the DNA were further amplified, and the 16S rRNA 
gene-sequencing analysis was performed. Briefly, the V4 region of 
16S rRNA-encoding gene was amplified from the extracted DNA via 
barcoded dual-index primers. The pooled amplicon library was then 
sequenced on the Illumina MiSeq platform using the 500-cycle MiSeq 
V2 reagent kit. The raw 16S rRNA gene-sequencing data were FASTQ files 
and analysed using mothur (v. 1.40.5) with Silva reference files (release 
132, silva.nr_v132.align) to align the sequences51. After a series of com-
mands to reduce the sequencing and PCR errors, de-noise sequences 
and remove chimaeric sequences, the sequences were classified via a 
Bayesian classifier, using silva.nr_v132.align and silva.nr_v132.tax as 
the reference and taxonomy, respectively20.

Untargeted metabolomics analyses
Alum/OVA-sensitized BALB/c mice received OIT treatment as described 
in the ‘In vivo sensitization, OIT and challenges’ section. Faecal pel-
lets were collected on day 48, whereas the ileal contents were col-
lected on day 49. The samples were stored in a −80 °C freezer until the 
day of metabolite extraction. On the day of extraction, the samples 
were transferred to bead-filled homogenization tubes and 300 μl of 
chilled 50% methanol solution was added followed by 10 μl of internal 
standard mixture of QReSS52. Samples were then homogenized using  
Precellys + Cryolys Evolution homogenizer at the following settings: 
4 °C, 6,000 r.p.m., 4 × 20 s cycle, 120 s pause time. An additional 300 μl 
of chilled 50% methanol solution was added, vortexed and transferred to 
a fresh tube. Then, 600 μl of chloroform was added, vortexed for 15 min 
and followed by centrifugation at 1,700g at 4 °C for 15 min. The polar 
supernatants were dried and stored in the −80 °C freezer until ready for 
further processing. The dried samples were reconstituted in 50% metha-
nol solution (150 μl) and then passed through 0.2 μm micro-centrifuge 
filter tube. Thereafter, 50 μl of filtrates from each sample were pooled 
and used for method development and quality control, whereas 100 μl 
of filtrates were transferred to LC vials (with 100 μl inserts) for analysis 
using the sample-specific optimized method. Filtrates were detected 
with SCIEX Triple Quad 7500 LC-MS/MS- QTRAP system coupled with an 
ExionLC system. The optimized-schedule multiple reaction monitoring 
(MRM) mass spectrometry method ran concurrently in both positive 
and negative ionization modes based on our in-house multiple reac-
tion monitoring list of over 800 metabolites. The mass spectrometry 
method was set up as reported previously53. Peaks were extracted using 
SCIEX OS (v. 2.1.6.59781) and our in-house algorithm, implemented in 
R (CRAN 4.1.1), was utilized to filter out the analytes with poor quality. 
Only unique metabolites with good quality across all the samples were 
considered in the downstream analysis. Peaks were further normalized 
to the internal standards, and metabolite abundance was normalized 
to the weight of faecal/ileal matter. Further downstream analyses were 
performed in Metaboanalyst (v. 5.0)54 and GraphPad Prism (8.0).

Association study between ileal metabolomics and microbial 
data via machine learning
Paired metabolomics (dataset X) and microbial data (dataset Y) 
obtained from ileal contents from 36 samples (five naive, eight PBS, 

seven OVA, eight inulin/OVA and eight inulin gel/OVA samples) were 
utilized in the association study. The association study was based on the 
‘HAIIA’ (v. 0.8.20) testing algorithm44. In brief, Spearman’s correlation 
was used to separately compute the similarity (distance) score within 
datasets X and Y. This step separately generated hierarchical clusters of 
both metabolites and microbial family (or genus) that were similar to 
each other and arranged in the order of similarity. Next, HAIIA learned 
the significance of pairwise association between each and every cluster 
from datasets X and Y using Benjani–Hochberg false discovery rate. If 
a paired association was not significant, HAllA iteratively performed 
the act of separately dropping branches from both clusters and the 
act that yielded a better Gini impurity score was retained. The itera-
tion continued until a statistically significant block of association was 
achieved or until the block of association was reduced to only a pair of 
features from both datasets, whichever came first. Blocks of associa-
tion were arranged in the order of their significance and a heat map was 
generated. On this map, the solid numbers represent the rank of the 
block of associations. Number 1 indicates that the association repre-
sented in block 1 is the most statistically significant block, followed by 
block 2 and so on. Only features that show up in any of the significant 
clusters were shown on the heat map (HAllAgram). The heat map also 
displayed the Spearman’s pairwise correlation score between features 
from datasets X and Y. For the current analysis, a false discovery rate 
threshold of 0.5 was used for the block associations to visualize all the 
potentially important associations between the clusters of microbial 
and metabolomics features.

Mast cell quantification in the small intestine
Here, 24 h after the last intragastric challenge of OVA, jejunal tissue 
was collected and fixed in 4% formalin. The tissues were stained with 
toluidine blue via the In-Vivo Animal Core, University of Michigan. At 
least three random sections per mouse were analysed, and toluidine 
blue-positive stained cells were counted from around 5 mm length of 
tissue (magnification, ×20).

Small intestinal retention imaging
To prepare FITC-labelled inulin gel/Texas Red-labelled OVA, 53.5 mg 
inulin and 1.5 mg FITC-labelled inulin (Sigma-Aldrich) were mixed in 
150 µl PBS buffer, followed by inulin gel formation, as described in the 
‘Preparation and characterization of inulin gel/allergen formulations’ 
section. After cooling down, FITC-labelled inulin gel, 0.1 mg Texas 
Red-labelled OVA (Invitrogen) and 0.9 mg native OVA were mixed to get 
FITC-labelled inulin gel/Texas Red-labelled OVA. Alum/OVA-sensitized 
BALB/c mice (female, 5–6 weeks old, from Jackson Laboratory) were 
fed with AIN-93M chow for 3–4 days and then the mice were gavaged 
with 150 µl FITC-labelled inulin gel/Texas Red-labelled OVA. The mice 
were deprived of chow post-oral gavage and euthanized at 100, 200 
and 300 min. The small intestine was harvested and imaged via the 
IVIS optical imaging system, using an FITC channel to observe inulin 
or the Texas Red channel to observe OVA.

Small intestinal barrier integrity
Alum/OVA-sensitized BALB/c mice received OIT treatment, repeated 
intragastric challenges as described in the ‘In vivo sensitization, OIT and 
challenges’ section. On day 57, the mice were fasting for 4 h, followed 
with the oral administration of FITC-dextran (Sigma-Aldrich, 10 mg 
per dose) in 150 µl PBS buffer. The serum samples were collected 3 h 
post-oral gavage and the fluorescence intensity of FITC was detected 
via a microplate reader.

Statistical analysis
The results are expressed as the mean ± s.e.m. A one-way or two-way 
ANOVA, followed by Bonferroni’s multiple comparisons test, analy-
sis of molecular variance or two-sided, unpaired Student’s t-test or  
Mann–Whitney test was used for testing the differences between 
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groups. All the animal studies were performed after randomization. 
Data collection and analysis were not performed blind to the conditions 
of the experiments. No statistical methods were used to pre-determine 
the sample sizes but our sample sizes are similar to those reported in 
previous publications8,21. Data were approximately normally distrib-
uted and the variance was similar between the groups. The experiments 
were repeated multiple times as independent experiments, as indicated 
in the figure captions. A complete dataset from one representative, 
independent experiment is shown in the figures. No samples were 
excluded from the analyses. GraphPad Prism 8.0 software was used 
for the statistical analyses.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The scRNA data have been deposited in the NCBI Sequence Read Archive 
(accession no. PRJNA1074271). The bacterial 16S rRNA-sequencing data 
have been deposited in the NCBI Sequence Read Archive (accession 
no. PRJNA1073670). The data supporting the findings of this study are 
available within the Article and its Supplementary Information files. 
All relevant data are available from the corresponding author. Source 
data are provided with this paper.
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Extended Data Fig. 1 | Biosafety evaluation. BALB/c mice were treated as in 
Fig. 1b. The bodyweight changes during OIT (a) and body weight on day 48 (b) 
were recorded. (c) Blood samples were collected for CBC test on day 48. (d) 
Serum samples were collected for biochemistry test on day 48. Data represent 
mean ± s.e.m. (n = 5 for Naive, 7 for Inulin gel/OVA (a), n = 5 for Naive, 8 for all 

other groups (b,c), n = 5 for Naive, 8 for all other groups in ALT and AST datasets, 
3 for Naive, 8 for PBS or 7 for all other groups in BUN dataset, 2 for Naive, 8 for PBS 
and OVA, or 6 for Inulin gel/OVA in CREA dataset (d) biologically independent 
samples). ns: not significant. Data were analysed by one-way (b-d) or two-way 
ANOVA (a) with Bonferroni’s multiple comparisons test.
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Extended Data Fig. 2 | Inulin gel/OVA OIT protects against OVA challenges. 
a, Therapeutic regimen. BALB/c mice were sensitized with alum/OVA on days 
0 and 14. From day 29, the mice were orally gavaged with inulin gel (55 mg per 
dose), or inulin gel (55 mg per dose)/OVA (1 mg per dose). From day 49, mice were 
intragastrically (i.g.) challenged with OVA (50 mg per dose) on 6 alternating days. 
Shown are the (b) average body temperature change after the 6th challenge,  

(c) anaphylactic scores, (d) diarrhea occurrence rate, and (e) diarrhea  
severity during challenges. f, Diarrhea-induced body weight change after  
the 6th i.g. challenge. g, OVA-specific IgE levels in serum on days 48 and 55.  
Data represent mean ± s.e.m. (n = 8 biologically independent samples). Data were 
analysed by two-way ANOVA (b,c,e) with Bonferroni’s multiple comparisons test, 
or unpaired, two-sided Student’s t-test (f,g).
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Extended Data Fig. 3 | DP values of inulin affect OIT efficacy. a, The DP values 
of inulin from different vendors were measured by 1HNMR and MALDI-TOF.  
b, BALB/c mice were treated as in Fig. 1b and received OIT treatments of inulin 
(DP7)/OVA, inulin gel (DP10)/OVA, and inulin gel (DP23)/OVA, respectively.  
Mice were i.g. challenged for 6 times. The body temperatures during the  
6th i.g. challenge, the anaphylactic symptoms, diarrhea occurrence rate and 
severity during the challenges were recorded. c, The diarrhea images at the  

3rd i.g. challenge. d, Average mast cells and the representative images in ileum. 
Data represent mean ± s.e.m. (In body temperature, n = 7 for Inulin (DP7)/OVA 
and Inulin gel (DP10)/OVA, or 8 for Inulin gel (DP23)/OVA, in all other datasets, 
n = 8 (b), n = 6 for Inulin (DP7)/OVA, Inulin gel (DP10)/OVA, 4 for Inulin gel  
(DP23)/OVA (d) biologically independent samples). ns, not significant. Data were 
analysed using two-way ANOVA (b), or one-way ANOVA (d) with Bonferroni’s 
multiple comparisons test.
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Extended Data Fig. 4 | In vitro Treg cell differentiation. BMDCs were treated 
with inulin gel/OVA or inulin gel/OVA-II peptide for 24 h. BMDCs were washed 
and co-cultured with CFSE-labeled OT-II CD4+ T cells. Shown are the frequency of 
Foxp3+CD4+ T cells, proliferating CFSElow cells, and representative flow cytometry 

plots after 5 days of co-culture. Data represent mean ± s.e.m. (n = 4 biologically 
independent samples). Data were analysed by one-way ANOVA with Bonferroni’s 
multiple comparisons test.
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Extended Data Fig. 5 | Long-term protection. Alum/OVA-sensitized mice 
received the indicated OIT treatment, followed by 4 times of i.g. challenges of 
OVA protein. The doses of inulin and OVA were 55 mg and 1 mg, respectively. 
All treatments were discontinued from day 55. From day 146, the mice were i.g. 
challenged with OVA. Shown are the body temperature drop, anaphylactic score, 

diarrhea score, and body weight change during the 5th i.g. re-challenge.  
Data represent mean ± s.e.m. (n = 5 for Naive, 7 for Inulin/OVA or 6 for all other 
groups, biologically independent samples). Data were analysed by one-way or 
two-way ANOVA with Bonferroni’s multiple comparisons test.
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Extended Data Fig. 6 | Microbes abundances in ileal contents.  
Alum/OVA-sensitized BALB/c mice were treated as in Fig. 1b. Shown are  
the relative abundances of several genera in the ileal contents. Data represent 

mean ± s.e.m. (n = 5 for Naive, 7 for OVA or 8 for all other groups, biologically 
independent samples). Data were analysed by one-way ANOVA with Bonferroni’s 
multiple comparisons test.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Immunomodulatory guanosine as identified by 
metabolomics and machine learning based analyses. Alum/OVA-sensitized 
BALB/c mice were treated as in Fig. 1b. a-b, Untargeted metabolome analysis in 
the ileal contents and feces. Shown are the sPL-SDA analysis of the metabolites in 
the ileal contents on day 49 and feces on day 48 (a), fold changes of metabolites 
(whose P-value is less than 0.05) in the ileal and fecal contents. The size of the 
circle denotes the fold change of upregulated metabolites in the inulin gel/OVA 
group, compared with naïve, PBS, OVA, and inulin/OVA groups. The P-values are 
unadjusted and are based on a two-sided t-test statistics (b). c-e, Metabolite-
induced differentiation of CD4+ T cells in vitro. CD4+ T cells isolated from 
Foxp3(GFP) reporter mice were cultured with various metabolites in suboptimal 
Treg-inducing condition (1 µg/mL anti-CD3 antibody, 1 µg/mL anti-CD28 
antibody, 5 ng/mL IL-2, and 1 ng/mL TGF-β) and analyzed on day 3 for Foxp3 
expression (c). CD4+ T cells isolated from wide-type (WT) C57BL/6 mice were 
cultured with various metabolites in TH1-inducing condition (1 µg/mL anti-CD3 

antibody, 1 µg/mL anti-CD28 antibody, 5 ng/mL IL-2, 10 ng/mL IL-12p40, and 
10 μg/mL anti-IL-4 antibody) and analyzed on day 5 for IFN-γ secretion (d). CD4+ 
T cells isolated from WT C57BL/6 mice were cultured with various metabolites 
in TH2-inducing condition (1 µg/mL anti-CD3 antibody, 1 µg/mL anti-CD28 
antibody, 5 ng/mL IL-2, 10 ng/mL IL-4, and 10 μg/mL anti-IFN-γ antibody) and 
analyzed on day 5 for IFN-γ secretion (e). f, Machine learning-based association 
study between ileal metabolomics and microbes at the family level. Only features 
with significant clusters were shown on the heatmap (Hallagram). g, Spearman’s 
correlation coefficient analyses between the relative abundances of ileal 
guanosine and Eggerthellaceae (family) or Enterorhabdus (genus). Data represent 
the mean ± s.e.m. from one of two independent experiments (n = 5 for Naive or 
8 for all other groups (a), n = 6 for PBS and DMSO, or 4 for all other groups (c), 
n = 6 for PBS and DMSO, or 3 for all other groups (d,e) biologically independent 
samples). Data were analysed by one-way ANOVA with Bonferroni’s multiple 
comparisons test (c-e), or two-tailed Spearman’s rank correlation test (g).
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Extended Data Fig. 8 | OVA/guanosine OIT protects mice against allergen 
challenges. a, Schema of the intestinal anaphylaxis and therapeutic regimen of 
OVA/guanosine OIT. BALB/c mice were sensitized with alum/OVA on days 0 and 
14. From day 28, mice were orally gavaged with OVA (1 mg per dose) and provided 
with normal drinking water either with or without 37.5 µg/mL of guanosine 
(denoted OVA and OVA/guanosine, respectively). Inulin gel (55 mg per dose)/OVA 
(1 mg per dose) treated mice that were provided with normal drinking water were 
included as an additional control. From day 48, mice were i.g. challenged with 

OVA (50 mg per dose) on 4 alternating days. b, After the 4th i.g. challenge, changes 
in core body temperature were measured. c-e, Over the 4 consecutive i.g. 
challenges, animals were analyzed for anaphylactic scores (c), diarrhea severity 
score (d), and body weight change (e). Data represent the mean ± s.e.m. (n = 8 for 
Inulin gel/OVA or 7 for all other groups (b), n = 8 (c-e) biologically independent 
samples). Data were analysed by two-way ANOVA with Bonferroni’s multiple 
comparisons test.
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Extended Data Fig. 9 | Less frequent inulin gel/OVA OIT remains protective. 
Schema of the intestinal anaphylaxis and therapeutic regimen. BALB/c mice 
were sensitized with alum/OVA on days 0 and 14. From day 29, mice were orally 
gavaged with PBS, OVA (1 mg per dose), or inulin gel (55 mg per dose)/OVA 
(1 mg per dose) every other day. From day 40, mice were i.g. challenged with 
OVA (50 mg per dose) on 6 alternating days. b, After the 6th i.g. challenge, 

changes in the average core body temperature were measured. c-f, Over the 6 
consecutive i.g. challenges, animals were analyzed for anaphylactic scores (c), 
diarrhea severity score (d), diarrhea occurrence rate (e), and bodyweight drop 
(f). Data represent mean ± s.e.m. (n = 5 for Naive, 8 for PBS or 9 for Inulin gel/OVA 
(alternative) (b-f) biologically independent samples). Data were analysed by two-
way ANOVA (b-d,f) with Bonferroni’s multiple comparisons test.
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Extended Data Fig. 10 | Inulin gel does not induce type 2 inflammatory 
response. Naive C57BL/6 mice were fed with high (26%) inulin chow diet, control 
chow diet (0% inulin, PBS group), control chow diet plus inulin (55 mg/dose,  
3 times per 4 days, inulin group), or control chow diet plus inulin gel (55 mg/dose, 
3 times per 4 days, inulin gel group). On day 13, the frequencies of immune cells in 
the colon were detected: (a) eosinophils; (b) neutrophils; (c) Ly6Chigh monocytes; 
(d) CD64+ macrophages; (e) DCs; (f) B cells; (g) T cells. (h) The frequency of 

eosinophils in the lung. (i) The representative flow plot of eosinophils in the 
colon and lung. The concentrations of ω-MCA, CA, TCA, UDCA, DCA, and CDCA 
in the (j) serum, (k) feces, and (l) cecum on day 13. Data represent mean ± s.e.m. 
(n = 8 biologically independent samples). ns: not significant. Data were analysed 
by (a-h) one-way, or (j-l) two-way ANOVA with Bonferroni’s multiple comparisons 
test.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters 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
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code
Policy information about availability of computer code

Data collection Flow cytometric data were collected using a Ze5 cell analyzer (BD Biosciences) or a Cytek Aurora analyzer (Cytek Biosciences). Microbiome 
data from feces and ileal contents were collected using the MiSeq Illumina sequencing platform. In vivo images were acquired using IVIS 
Lumina Living Image Software(v.4.5.5). Metabolomics data were analyzed with SCIEX Triple QuadTM 7500 LC-MS/MS- QTRAP system coupled 
with ExionLCTM system. Single-cell RNA sequencing was conducted by the University of Michigan’s Advanced Genomics Core.

Data analysis Flow-cytometry analysis was done in BD FACSDiva and FlowJo (v.10.5) (Tree Star). Microbiome analysis was done in the community-supported 
software program mothur and by the steps in the MiSeq SOP (http://mothur.org/wiki/MiSeq_SOP). In vivo images were analysed 
using IVIS Lumina Living Image (v.4.5.5) Software. Metabolomics was analyzed using Metaboanalyst (V. 5.0). Statistical analysis was done in 
GraphPad Prism 8.0.

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 and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
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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 description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The authors declare that data supporting the findings of this study are available within the article and its Supplementary Information files. All relevant data are 
available from the authors. The scRNA sequencing data have been deposited in the NCBI Sequence Read Archive (accession number: PRJNA1074271). The bacterial 
16S rRNA sequencing data have been deposited in the NCBI Sequence Read Archive (accession number: PRJNA1073670).

Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender Not applicable

Population characteristics Not applicable

Recruitment Not applicable

Ethics oversight Not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in previous publications.

Data exclusions No data were excluded. 

Replication All experiments were performed with multiple replicates, and standard statistical methods were used to accept. Technical replicates were 
used for in vitro experiments where biological factors were not present, whereas biological replicates were used for the in vivo studies.

Randomization Mice were assigned randomly to the experimental groups. 

Blinding The investigators were not blinded to allocation during experiments and outcome assessment since our data analyses are based on 
objectively measurable data. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Anti-CD16/CD32 (93, 14016186, eBioscience), 1:20 dilution;  

CD45 Rat anti-Mouse (APC-efluor780, Clone: 30 F11), 1:100 dilution;  
CD3e Armenian Hamster anti-Mouse (PerCP-Cy5.5, Clone: 145 2C11, eBioscience), 1:100 dilution;  
CD4 Rat anti-Mouse (PE-Cy7, Clone: GK1.5, eBioscience), 1:100 dilution;  
Foxp3 Monoclonal Antibody (APC, Clone: FJK-16s, eBioscience), 1:50 dilution;  
IL-4 Rat anti-Mouse (PE, Clone: 11B11, eBioscience), 1: 100 dilution;  
IL-10 Rat anti-Mouse (FITC, Clone: JES5-16E3, eBioscience), 1: 100 dilution;  
anti-mouse IFN-γ (BV421, Clone: XMG1.2, Biolegend), 1: 100 dilution;  
T-bet Mouse anti-Human, Mouse (PE, Clone: 4B10, eBioscience), 1: 100 dilution;  
GATA-3 Rat anti-Mouse (Alexa Fluor™ 488, Clone: TWAJ, eBioscience), 1: 100 dilution;  
RORγt Mouse anti-Mouse (BV421, Clone: Q31-378, BD), 1:100 dilution;  
CD11c Armenian Hamster Monoclonal Antibody (PE-Cy7, clone: N418, Biolegend), 1:250 dilution;  
anti-mouse CX3CR1 (BV605, Clone: SA011F11, Biolegend), 1:100 dilution;  
CD103 Rat anti-Mouse (PE,Clone: M290, BD), 1:100 dilution;  
anti-mouse I-A/I-E (FITC, Clone: M5/114.15.2, Biolegend), 1:200 dilution;  
F4/80 Rat anti-Mouse F4/80 (BV711, Clone: T45 2342, BD Biosciences), 1:250 dilution. 
 
BV785-Anti-CD11c Armenian Hamster Monoclonal Antibody (Clone: N418, BioLegend), 1:250 dilution;  
PerCP/Cy5.5-anti-mouse/human CD11b (Clone: M1/70, BioLegend), 1:100 dilution;  
AF594-anti-mouse CD80 (Clone: B7-1), 1:100 dilution;  
APC-anti-mouse CD86 (Clone: B7-2, BioLegend), 1:100 dilution;  
BV421-CD45 Rat Monoclonal Antibody (Clone: 30-F11, BioLegend), 100 dilution;  
Pacific Blue-CD19 Rat Monoclonal Antibody (Clone: 6D5, BioLegend), 100 dilution;  
BV510-anti-mouse I-A/I-E antibody (Clone: M5/114.15.2, BioLegend), 1:200 dilution;  
BV711-Anti-Ly6C Rat Monoclonal Antibody (Clone: HK1.4, BioLegend), 100 dilution;  
FITC-anti-mouse/human CD11b (Clone: M1/70, BioLegend), 1:100 dilution;  
PE-Anti-CD64 Mouse Monoclonal Antibody (Clone: X54-5/7.1, BioLegend), 1:100 dilution;  
PE/Cy7-anti-mouse Ly6G (Clone: 1A8, BioLegend), 1:100 dilution;  
AF647-Siglec-F Rat anti-mouse (Clone: E50 2440, BD), 1:100 dilution;  
AF700-anti-CD3 Rat Monoclonal Antibody (Clone: 17A2, BioLegend), 1:100 dilution. 
 
Cd28 Hamster anti-Mouse (NA/LE, Unlabeled, Clone: 37.51, BD), 1:200 dilution; 
Cd3ε Hamster anti Mouse (NA/LE, Unlabeled, Clone: 145 2C11, BD),1:200 dilution;  
anti-IL-4 antibody (clone 11B11, BioXCell), used in vivo without dilution;  
anti-IFN-γ (clone XMG1.2; BioXcell), used in vivo without dilution;  
anti-IL-10 (clone JES5-2A5; BioXcell), used in vivo without dilution;  
Rat IgG1 isotype control (clone HRPN; BioXcell), used in vivo without dilution. 
 
TotalSeq™-C0301 anti-mouse Hashtag 1 antibody (BioLegend), 1:50 dilution;  
TotalSeq™-C0302 anti-mouse Hashtag 2 antibody (BioLegend), 1:50 dilution;  
TotalSeq™-C0303 anti-mouse Hashtag 3 antibody (BioLegend), 1:50 dilution.

Validation Antibody validation was provided by manufacture's website (cell images) and/or data is provided in the paper.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The Foxp3(GFP) CD4 T cell line was obtained from spleen in Foxp3(GFP) reporter mice. The CD4 T cell line was obtained from 
spleen in the wide-type C57BL/6 mice. The OT-II CD4 T cell line was obtained from spleen in OT-II mice. 

Authentication CD4 T cells isolated from spleen in wide-type or transgenic mice, while these mice were authenticated by the provider (The 
Jackson Laboratory).  No further authentication of the isolated CD4 T cells was performed.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination. 

Commonly misidentified lines
(See ICLAC register)

No commonly misidenified cell lines were used. 
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Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals For the in vivo studies, 5-6 weeks-old female BALB/c mice (Jackson Laboratory, 18–20 g), 5-6 weeks-old female C3H/HeJ mice 
(Jackson Laboratory, 18–20 g), 5-7 weeks-old female C57BL/6 mice (Jackson Laboratory, 18–20 g) were used. OT-II mice and 
Foxp3(GFP) reporter transgenic mice (7 weeks-old female, 15–20 g) were obtained from the Jackson Laboratory. Mice were housed 
in 12-hour light–dark cycle, at 72 F, and about 30% humidity.

Wild animals The study did not involve wild animals.

Reporting on sex Female mice were used based on the previously published results.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight All work performed on animals was in accordance with, and approved by, the Institutional Animal Care & Use Committee (IACUC) at 
University of Michigan, Ann Arbor.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation The sample preparation is described in Methods.

Instrument Ze5 cell analyzer (BD Biosciences), Cytek Aurora analyzer (Cytek Biosciences).

Software FlowJo (v.10.5) (Tree Star) were used for data analysis. 

Cell population abundance Data on the abundance of relevant cell populations are provided in the paper. 

Gating strategy Cells were gated first by morphology to exclude cell debris, doublets were then gated out by FSC-H/FSC-W, SSC-H/SSC-W, 
followed by exclusion of dead cells by gating on dye-negative cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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