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Maternal high-fat diet disrupts intestinal
mucus barrier of offspring by regulating
gut immune receptor LRRC19
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Maternal high fat diet (MHFD) increased colitis susceptibility in adulthood. However, the mechanism
remains unclear. We sought to explore whether novel gut immune receptor leucine-rich repeat C19
(LRRC19) contributed to the impaired mucus barrier of offspring exposed to MHFD via gut immune
response and microbiota. The results showed that MHFD significantly impaired the intestinal mucus
barrier of offspring, and up-regulated the expression of LRRC19. Lrrc 19 deletion alleviated the mucus
barrier disruption. Mechanistically, metagenome sequencing revealed that the MHFD-induced gut
microbiota alteration was partly restored in Lrrc 197/~ offspring. Muc2-associated bacteria were
decreased in the MHFD group, such as Akkermansia_muciniphila_CAG_154, which increased in the
Lrrc19-deficient offspring. Moreover, Lrrc 197"~ offspring had a higher rate of indole-3-acetic acid
(IAA)-producing bacterium, such as Lactobacillus reuteri. A targeted metabolomics analysis revealed
that IAA emerged as the top candidate that might mediate the protective effects. IAA was found to
improve the mucus barrier function by increasing the ratio of interleukin-22 (IL-22)* ILC3 cellsin an aryl
hydrocarbon receptor (AhR)-dependent manner. These results suggest that MHFD disrupts

the intestinal mucus barrier of offspring through regulating gutimmune receptor LRRC19 and inducing

an imbalance of gut microbiota and microbiota-derived metabolites.

The neonatal window was first highlighted by epidemiological studies,
which revealed the pivotal role of the early life stage in gut bacterial colo-
nization and immune development. Early-life microbial colonization has
profound influences on immunological development and further enhances
the immune-related disease susceptibility. The early life stage thus is a vital
“window of opportunity”'”. Early-life events such as maternal high-fat diet
(MHFD) and antibiotic application are considered to be influential factors
for gut dysbiosis in offspring by affecting the establishment of microbiome.
Early life events cause permanent adverse outcomes in later life like the
development of inflammatory bowel disease, allergy, asthma, obesity, and
mental illness’”. Particularly, several studies reported that MHFD during
gestation and lactation induces the change of gut microbial structure in
rodent and primate models, and these effects may predispose the offspring

to various sicknesses (for example, non-alcoholic liver disease, neurodeve-
lopmental disorders, cardiovascular diseases, colitis, and so on)*. Con-
sistently, our previous study suggested that MHFD can damage the gut
mucus barrier, drive dysbiosis and intestinal low-grade inflammation in
offspring, and further enhance colitis sensitivity in adulthood''. However,
involving mechanisms of how MHED disrupted the intestinal mucus bar-
rier remain unknown.

Studies have provided evidence that microorganisms colonization in
early life can modulate the establishment of mucosal innate immunity and
the maturation of adaptive immunity in germ-free animals'. Several leucine-
rich repeat (LRR) proteins, like toll-like protein receptors (TLRs) and nod-
like protein receptors (NLRs), exert a major influence on maintaining host
homeostasis by participating in many biological processes, including
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pathogen recognition, immune response, cell adhesion, and signaling'”.
Interestingly, immune receptors could also impact the intestinal microbiota
composition in turn. Previous studies have suggested that TLR5 might
function by recognizing and responding to the flagellated pathogen, and
substantially influence microbiota composition. Tlr5 deficiency during the
neonatal period could result in a high abundance of flagellated bacteria and
an alteration of the microbiota, leading to metabolic or immunological
consequences”. In addition, intestinal epithelial TLR4 could prevent
metabolic syndrome by influencing the structure of gut microbiota and its
communication with intestinal epithelial cells"*. These studies demonstrated
the important value of the interaction between microbiota and immunor-
eceptors on host-microbiota homeostasis. As a novel gut epithelial receptor
differs from other pathogen-recognizing receptors, leucine-rich repeat C19
(LRRC19) can trigger NF-kB activation and facilitate the expression of
proinflammatory genes regardless of the presence of TLR ligands. Under
normal physiological conditions, intestinal epithelial cells exhibit high
expression of LRRC19. Our previous study has found that LRRC19 involves
the identification of pathogenic microorganisms, and affects the gut
immune system as well as the intestinal inflammation responses. Moreover,
the gut microbiota composition in the Lrrc19™'~ mice was altered compared
to the cohoused wild type (Lrrc19%") mice, and Lrrc19 deficiency not only
impaired intestinal immune responses but also reduced the gut inflam-
matory reactions"™".

Multiple researches revealed that intestinal microbiota could strongly
affect the establishment of the host immune system as well as the intestinal
mucosal barrier'®"”. The gut mucosal barrier is composed of immunological
and biochemical components and functions as host’s first line to resist
against pathogens; the disruption of intestinal mucosal barrier can provoke
immune responses and is involved in the occurrence of many chronic
diseases™. Specifically, the intestinal mucus layer, which is a highly ordered
glycoprotein network (primarily composed of MUC2 which are complex
agglomerates of heavily O-glycosylated or fucosylated proteins) contributed
by goblet cells, has a pivotal regulatory function in the interaction with gut
microbiota and contributes to the protection of intestine*'. Previous work
demonstrated that the gut epithelial receptors, including TLRs, exert pivotal
effects in mucosal immune defense through recognizing the microbiota and
metabolites”. Moreover, microbial metabolites could regulate the coloni-
zation of microbiota and maintain the homeostasis of intestinal
epithelium”. Meanwhile, our recent study has indicated that LRRC19 can
lead to increased intestinal permeability, and a tighter junction between
colonic cells was observed under Lrrc19-deficient background™. These
studies emphasized the importance of microbiota and bacterial metabolites
in maintaining epithelial function. Given these, we hypothesized that
LRRCI19 could be involved in the MHFD-induced impaired intestinal
mucus barrier of the offspring.

Here we investigated the impact of LRRC19 on MHFD-induced
intestinal microbiota alteration and intestinal mucus barrier disruption. Our
experiments revealed that MHFD decreased the production and fucosyla-
tion of MUC2, impaired the intestinal mucus barrier function, and up-
regulated the expression of LRRC19 in offspring; in contrast, LRRCI19
depletion alleviated the destruction of the gut mucus barrier in offspring
exposed to MHFD, and partly reversed the alteration of gut microbiota and
modulated the tryptophan metabolism of offspring. These findings revealed
that LRRC19 might have a critical role in disrupting gut mucus barrier
function by involving in the gut microbiota alteration and microbial
metabolism when exposed to MHFD. Therefore, this work provided a novel
perspective for understanding the intricate interaction among maternal
western diet, gut immune receptor, and gut microbial metabolism.

Results

MHFD inhibited the intestinal development and goblet cell dif-
ferentiation of offspring mice

We found that the body weight of 3-week-old offspring in MHFD group was
significantly increased compared with that in MCD group (Fig. 1A). To
evaluate the gut development of 3-week-old offspring in both groups, the

length of villi in small intestinal tissue and depth of crypts in colonic tissue
were measured (Fig. 1C and D). The length of villi and depth of crypts in
MHEFD group were significantly decreased than those in MCD group as
shown. Meanwhile, the proliferation of intestinal cells in pups was quanti-
fied by Ki-67 staining. Compared with the MCD group, the MHFD group
showed a decrease in Ki-67 positive cells (Fig. 1E). Moreover, the number of
goblet cells in each crypt was significantly decreased in MHFD group as
indicated by PAS staining (Fig. 2A). Collectively, these results suggest that
MHED can suppress the development and cellular differentiation of the
offspring intestinal tract.

MHFD impaired the intestinal mucus barrier and increased
LRRC19 expression in offspring

Goblet cells are differentiated from intestinal epithelium and are involved in
the production and storage of MUC2, which acts as a primary component of
the mucus layer (the extracellular components of the anatomic barrier)™.
In this study, a significant decrease of MUC2-positive cells in each crypt
was observed in MHFD group (Fig. 2B). Moreover, the number of
MUC2*UEA-I" goblet cells in the colon mucosa in MHFD offspring
decreased, implicating a decrease of mucin fucosylation (Supplementary
Fig. 1A and B). Consistently, a decreased expression of Muc2 in mRNA
levels was detected in MHFD group (Fig. 2C). Furthermore, the immu-
nostaining of IgA, which is crucial to maintaining gut immunological
homeostasis, was performed™. A significant reduction of IgA levels in the
small intestine was observed in MHFD group (Supplementary Fig. 1C).
Compared with the MCD group, the MHFD group showed an increased
expression of LRRC19 (Fig. 2D). These data collectively demonstrate that
MHEFD can impair the intestinal mucus barrier and increase LRRC19
expression in offspring.

LRRC19 depletion alleviated intestinal mucus barrier disruption

of offspring exposed to MHFD

In order to further verify the effect of LRRC19 and explored the mechanism
of MHFD-induced intestinal mucus barrier disruption, we established the
Lrrc197~ mice model to investigate the intestinal mucus barrier function
between the Lrrc19"" offspring and the Lrrc19” offspring with the
damaging factor of MHFD. No difference was found in the body weight of 3-
week-old offspring between the WT-MHFD group and Lrrc19~~-MHFD
group (Fig. 3C). However, significant increases of the length of villi and
depth of crypts were observed in Lrrc19~~-MHFD group (Fig. 3D and E).
Meanwhile, compared with the WT-MHFD group, the Lrrc19™~-MHFD
group showed an increase of the number of goblet cells in each crypt (Fig. 4A
and B). Collectively, these results suggest that LRRC19 depletion could
improve intestinal development and goblet cell differentiation of offspring
in MHFD model, and these effects might be independent of body weight.

Subsequently, the production and fucosylation of MUC2 were detected
in the WT-MHFD group and Lrrc19 " -MHFD group. A significant
increase of the number of MUC2 positive cells in each crypt was found in
Lrrc197-MHFD group by immunohistochemical staining (Fig. 4B). In
parallel, an increased expression of Muc2 in mRNA levels was detected in
Lrrc19”-MHFD group (Fig. 4C). Moreover, an increased number of
MUC2"UEA-I" goblet cells in the colonic mucosa of offspring in the
Lrrc19”"-MHFD group was shown, implicating an increase in mucin
fucosylation (Supplementary Fig. 2A and B). In addition, immunostaining
of IgA showed LRRC19 depletion significantly increased the level of IgA in
the small intestine (Supplementary Fig. 2C). A decreased IL-22 production
was observed in MHFD group compared to the MCD group, while Lrrc19
deficiency reversed IL-22 expression in the high-fat diet compared to WT
mice (Fig. 4D and E). Thus, these data indicate that LRRC19 depletion can
promote the production and fucosylation of MUC2 and alleviate MHFD-
induced intestinal mucus barrier disruption of offspring.

Furthermore, we investigated intestinal growth and differentiation of
the 3-week-old Lrrc19™~ mice and Lrrc19*" mice under MCD background.
No significant differences were observed in the ileum villus length and colon
crypts depth between the WT-MCD group and Lrrc19~~-MCD group
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Fig. 1 | Maternal high-fat diet disrupts intestinal development and intestinal
barrier in offspring. A Experimental flow diagram of MCD and MHFD groups.
C57BL/6 female mice were fed either a control or a high-fat diet constantly during
the gestation and lactation periods as described. Pups were sacrificed after weaning
at 3 weeks old. B Body weight of 3-week-old pups. n = 16 per group. C Haematoxylin
and eosin (H&E) staining of colonic tissues in the 3-week-old offspring between two
groups. Five random fields from x200 images were viewed for each mouse and the
depth of well-orientated crypts was measured. Scale bar = 50 um. The crypts depth of
colon in both groups was counted. # =5 mice per group. D H&E staining of small

intestinal tissues and the villus length of ileum in the 3-week-old offspring in MCD,
MHED groups. Five random fields from x200 images were viewed for each mouse
and the length of well-orientated villi was measured. # = 5 mice per group. Scale bar
=50 um. E Intestinal proliferation was assessed by Ki-67 immunostaining of ileum
tissue. The number of positively stained cells in each villus of five random fields from
%200 images was counted. n = 5 mice per group. Scale bar = 50 um. MCD, maternal
control diet. MHFD, maternal high-fat diet. All data are displayed as means + SDs.
*¥p <0.01, ***p < 0.001, ****p <0.0001.

(Supplementary Fig. 3B, C, F and G). The number of goblet cells in each
crypt was counted in MCD group as indicated by PAS staining and noticed a
significant increase in the Lrrc19~~-MCD group (Supplementary Fig. 3D
and H). Likewise, we probed the MUC2 production and fucosylation
between the WT-MCD group and Lrrc19"~-MCD group. The number of
MUC2 positive cells in each crypt increased significantly in Lrrc19~~-MCD
group (Supplementary Fig. 3E and I). In correspondence, an increased
number of MUC2"UEA-I" goblet cells in the colonic mucosa of the
Lrrc197~-MCD group, as well as an increased expression of Muc2 in mRNA
levels was detected (Supplementary Fig. 3], K and L). Taken together, the
ameliorative effect of LRRC19 depletion on intestinal development, goblet
cell differentiation, and MUC2 production and fucosylation was more
remarkable in MHFD-fed condition than in the MCD background. We

therefore deduce that LRRC19 depletion plays a more pronounced pro-
tective role in MHFD condition.

LRRC19 depletion partly reversed the MHFD-induced gut
microbiota alteration of offspring

In order to explore the role of the gut microbiota in MHFD-induced
intestinal mucus barrier disruption of offspring, fecal metagenomic
sequencing of 3 weeks old pups was implemented. No differences were
observed in the Shannon and Simpson diversity index of microbiota among
offspring in MCD, MHFD, WT-MHED, and Lrrc19~~-MHFD groups at
the species level (Fig. 5A). Gut microbiota compositional discrimination was
detected by principal coordinate analysis (PCoA) on unweighted UniFrac
distances (Fig. 5B). Significant co-clustering of samples by maternal diets
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Fig. 2 | Maternal high-fat diet disrupts intestinal barrier and upregulates
LRRC19 expression in offspring. A Goblet cells in the colon were assessed by PAS
staining between MCD, MHFD groups. Scale bar = 50 pm. B The production of
MUC2 in the colon was assessed by immunostaining. Scale bar = 50 um. In (A, B),
the number of positively stained cells in each crypt/villus of five random fields from
%200 images was counted. n = 5 mice per group. C The relative expression of Muc2 in
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mRNA levels was assessed by Realtime-PCR. n =5 per group. D The relative
expression of LRRC19 was assessed in mRNA levels and by immunostaining.

n =4-5 mice per group. Scale bar = 100 um. MCD, maternal control diet. MHFD,
maternal high-fat diet. All data are displayed as means + SDs. *p < 0.05, *¥p< 0.01,
¥ p <0.001, ¥***p < 0.0001.

was observed, indicating that MHFD leads to prominent effects on
microbiota composition of pups. In agreement, Anosim analysis suggested
that the differences between the MCD group and these MHFD-groups were
significant (Fig. 5C). In Fig. 5C, “between” represents the differences
between different groups, while the box plots of MCD, MHFD, WT-MHFD,
and Lrrc19'~-MHFD represent the differences within groups. R > 0 indi-
cated that the differences between groups are greater than the differences
within groups, and the grouping is reasonable. Meanwhile, the microbiota
community structures of each mouse in MCD, MHFD, WT-MHEFD, and
Lrrc197~-MHFD groups were analyzed (Fig. 5D-F). The microbial com-
position at the phylum level of each mouse was shown, and notably, a
significantly increased ratio of the Firmicutes/Bacteroidetes was observed in
the MHFD group. Meanwhile, Verrucomicrobia was decreased in the
MHEFD group and recovered in the Lrrc19™~-MHFD group. Compared
with the WT-MHEFD offspring, Proteobacteria was decreased in the Lrrc19-
deficient offspring (Supplementary Fig. 4A). Importantly, the relative
abundance of Lactobacillus reuteri (L. reuteri), a beneficial bacterium, was
significantly enriched in the Lrrc19-deficient offspring, with the highest
LDA score computed by LEfSe difference analysis at the species level
(Fig. 5E). These, taken together, suggest that LRRC19 depletion could partly
reverse the gut microbiota alteration of offspring induced by MHFD.

To determine the potential functions of gut microbiota, the correlation
between gut microbiota and microbial metabolism was predicted by
microbiota functional analysis. The microbial metabolism discrimination
among pups was analyzed by PCoA on unweighted UniFrac distances, and a

significant co-clustering of samples by maternal diets was observed (Fig. 6A).
Moreover, the relative abundance of orthologs annotated to the KEGG
categories at level2 in each sample indicated that amino acid metabolism was
a key pathway altered in MHFD pups compared with MCD pups, and this
change was also observed between WT-MHFD and Lrrc19”-MHFD
groups (Fig. 6B). Correlation analysis of differential species with KEGG
metabolic pathways showed a positive correlation between tryptophan
metabolism and L. reuteri, which has gained the highest LDA score in the
Lrrc19-deficient offspring (Fig. 6C). Subsequently, the relative abundance of
tryptophan metabolism among four groups was analyzed, and notably, an
increase in tryptophan metabolism was observed in the Lrrc19™”"-MHFD
group (Fig. 6D). These data indicate that microbial tryptophan metabolism
may be involved in the process of LRRC19 depletion alleviating the MHFD-
induced intestinal mucus barrier disruption, and LRRC19 may involve in
regulating the gut microbiota and microbial metabolism.

LRRC19 depletion promoted the restoration of tryptophan
metabolic function in offspring induced by MHFD

Various studies have suggested that the microbiota-associated tryptophan
metabolites, such as indole-3-ethanol, indole-3-pyruvate, and indole-3-
acetaldehyde, could enhance the intestinal mucosal barrier function”. Since
the change of tryptophan metabolism was observed by the microbiota
functional prediction analysis, we next detected and analyzed the
microbiota-derived tryptophan metabolites by metabolomic sequencing
and focused on the function of tryptophan metabolism in the protection of
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Fig. 3 | Maternal high-fat diet disrupts offspring intestinal development via
LRRC19. A Experimental flow diagram of WT-MHFD and Lrrc19~~-MHFD groups.
Lrrc19"" mice derived from the Lrrc19"" and Lrrc19™ parents were crossbred to
generate different genotypes of offspring, and the Lrrc19"" and Lrrc19™~ pups were
selected for further analysis at 3 weeks old. The heterozygous Lrrc19"~ female mice
were fed a high-fat diet during the period of gestation and lactation as described.

B Genotype identification in the offspring of heterozygous mice. PCR of total DNA
extracted from tail. +/+, wild-type mouse. +/-, heterozygous mouse. —/-, Lrrc19
knockout mouse. C Body weight of pups at 3 weeks of age in WT-MHEFD and Lrrc19 ™
“-MHEFD groups. n =9 per group. D H&E staining of colonic tissues and colon crypts
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depth in the 3 weeks old offspring between WT-MHFD and Lrrc19~~-MHFD groups.
Five random fields from x200 images were viewed for each mouse and the depth of
well-orientated crypts was measured. Scale bar = 50 um. n = 5 mice per group. E H&E
staining of small intestinal tissues and the villus length of ileum in the 3-week-old
offspring in WT-MHFD and Lrrc19~~-MHFD groups. Five random fields from
%200 images were viewed for each mouse and the length of well-orientated villi was
measured. n =5 mice per group. MHFD, maternal high-fat diet. WT, wild type
(Lrrc19™). Het, heterozygous type (Lrrc19™"). ns, not significant. All data are dis-
played as means + SDs. *p < 0.05.

intestinal mucus barrier during MHFD. Among microbiota-derivate tryp-
tophan metabolites, a relatively decreased abundance of indoles in the
MHED group versus to MCD group was observed, and this change was
restored to some extent in the LRRC19 depletion offspring (Fig. 7A, B
and C). Furthermore, the levels of several indole derivatives were assessed.
Based on the accurate quantification measurements of tryptophan meta-
bolites shown in the volcano plot and vioplot (Fig. 8D, E), a decreased level
of three kinds of indole derivatives in the MHFD offspring compared with
MCD was specifically identified, such as the level of indole-3-acetic acid
(TAA), producing by the gut microbiota from tryptophan. Consistently, IAA
gained the highest Z-score in the MCD group (Supplementary Fig. 4B).

Additionally, an increased level of IAA was observed in the Lrrc19-deficient
offspring compared with WT-MHED offspring.

In order to identify the potential implicated bacteria with tryptophan
metabolites, we performed a correlation analysis at the species levels.
Interestingly, a negative correlation between IAA and Escherichia coli as well
as a positive correlation between IAA and Bifidobacterium pseudolongum
were observed (Supplementary Fig. 4C). Moreover, we observed that Bac-
teroidales_bacterium_M10, ~Bacteroidales_bacterium_MI1 and Bacter-
oidales_bacterium_M12 were positively correlated with IAA, while
Bacteroidales_bacterium_M6 were negatively correlated with IAA. Thus,
these data further infer the involvement of the gut microbiota in
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Fig. 4 | LRRC19 mediates disruption on intestinal barrier in maternal high-fat
diet offspring. A Goblet cells in the colon were assessed by PAS staining and the PAS
positive cells of each crypt were counted between WT-MHED and Lrrc19~~-MHFD
groups. The number of positively stained cell in each crypt of five random fields from
%200 images were counted. Scale bar = 50 pm. n = 5 mice per group. B The pro-
duction of MUC2 in the colon was assessed by immunostaining and the MUC2
positive cells of each crypt were counted in WT-MHFD and Lrrc19~'~-MHFD
groups. The number of positively stained cell in each crypt of five random fields from
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%200 images were counted. Scale bar = 50 um. # = 5 mice per group. C The relative
expression of MUC2 in mRNA levels was assessed by Realtime-PCR in WT-MHFD
and Lrrc19™~-MHFD groups. n = 3-4 mice per group. D IL-22 levels in the colon
were detected by ELISA in WT-MHED and Lrrc19~~-MHED groups. 1 = 4 per
group. E IL-22 levels in the colon were detected by ELISA in in MCD and MHFD
groups. n = 5 per group. MCD, maternal control diet. MHFD, maternal high-fat diet.
WT, wild type (Lrrc19%/%). All data are displayed as means + SDs. *p < 0.05,

#HEp < 0,001, ¥FF¥p < 0.0001.

contributing to MHFD-induced tryptophan metabolism disorder and
indicate that depletion of LRRC19 may shape the gut microbiota to promote
the restoration of tryptophan metabolic function in offspring.

IAA promoted IL-22 transcription in AhR-dependent ILC cells and
facilitated MUC2 fucosylation

Tryptophan metabolites generally influence the gut barrier function by
activating IL-22 production as reported™, among which, IAA, aligand of the
AhR, may play a key role. Meanwhile, IL-22 is acknowledged to then involve
in the regulation of goblet cells differentiation and mucins expression®. To
further investigate the underlying barrier-protective mechanisms of IAA in
regulating MUC2 fucosylation, we detected the levels of IL-22, IL-22 pro-
ducing-innate lymphocytes and mucus barrier MUC2 expression among
WT-Control, WT-IAA, Ahr~""-Control and Ahr"-TAA groups (Fig. 8A).
Flow cytometry analysis showed an increase in IL-22-producing ILC3s in
WT-IAA group compared to WT-Control group, while depletion of AhR
relatively reduced ILC3s. AhR deficiency could largely reverse the pro-
moting effects of the supplemental IAA as no significant changes of IL-22-
producing ILC3s proportion were observed in Ahr”’"-IAA group com-
paring with Ahr~'~-Control group (Fig. 8B and C). An increased production

of colonic cytokine IL-22 was observed in WT-IAA group compared with
WT-Control group, while IAA supplement brought no elevated expression
of IL-22 in the AhR-deficient offspring (Fig. 8D). We then investigated the
mucus barrier function by immunohistochemistry and immunostaining,.
The number of MUC2 positive cells in each crypt was significantly increased
in WT-IAA group compared with WT-Control group, while compared
with Ahr™""-Control group, the number of MUC2 positive cells in each
crypt in Ahr~'~-TAA group did not increase after IAA treatment (Fig. 8E
and G). Moreover, the number of MUC2"UEA-I" goblet cells in the colon
mucosa of WT-IAA group was significantly increased compared with WT-
Control group, indicating an increase of mucin fucosylation. Meanwhile, we
found no difference between the Ahr'~-Control group and Ahr ' -IAA
group, which indeed confirmed that IAA depended on AhR to promote
differentiation of goblet cells and expression of MUC2 fucosylation (Fig. 8F
and H). These data, taken together, indicate that supplemental IAA restores
the mucus barrier function by expanding IL-22-producing ILC3s and
facilitating MUC2 fucosylation, and this promoting effect is dependent on
AhR. Hence, our data suggest that IAA supplementation may play a pro-
tective role in regulating intestinal mucus barrier through the tryptophan
metabolite-AhR-IL-22 axis.
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Discussion

As one of the potential risk factors, MHFD has been reported to affect the
early colonization of gut microbiota which could further influence the
establishment of the immune system as well as disrupt the intestinal
mucosal barrier in multiple studies™”. However, to date, few studies have
investigated the mechanisms of the adverse effect of MHFD on offspring.
LRRC19 has been known as a novel intestinal epithelial pattern recognition
receptor, involved in the recognition of gut microbiota, the activation of
immune pathways, and the regulation of gut epithelial barrier function'””".
In this study, we investigated the role of LRRC19 in the alteration of gut
microbiota and disruption of intestinal mucus barrier induced by MHFD.
Our results demonstrated that LRRCI19 depletion could improve the
MHEFD-induced gut microbiota alteration, and alleviate intestinal mucus
barrier disruption of offspring exposed to MHFD by increasing IAA level
and promoting the secretion and fucosylation of MUC2 (Fig. 9). These
results may at least partially explain how a MHFD induces gut microbiota
alteration and intestinal mucus barrier disruption thus leading to the sus-
ceptibility to disease in adulthood of offspring.

The intestinal mucosal barrier is composed of epithelial cells and
overlying mucus layers secreted by goblet cells. The mucus layer is mainly
composed of mucins, of which MUC2 is the most abundant secretory
mucin'®”'.  Previous studies have indicated that fucosylated or
O-glycosylated mucins are involved in the modulation of gut microbiota,
and the microbiota composition is an important factor in regulating
intestinal mucus barrier function, which is crucial for maintaining gut
health™*’. Moreover, studies have shown that multiple genetic and envir-
onmental factors shape the gut microbiota and alter the integrity of the
mucus layer directly or indirectly’**”. In this study, we confirmed that
MHEFD reduced the secretion and fucosylation of MUC2 and thus impaired
the intestinal mucus barrier function, as previous studies reported**”.

Considering the lacking comprehension between MHFD and the disruption
of the intestinal mucus barrier, we focus on the relationship between
intestinal epithelial receptors and gut microbiota. Intestinal epithelial
receptors involve in maintaining the host immune homeostasis by reg-
ulating the recognition of gut microbiota”. A HFD during the perinatal
period could alter the gut microbiota, fetal gut barrier proteins, and immune
markers as reported in a recent study, thereby impairing intestinal barrier
integrity and being implicated in fetal gut inflammation”. Our previous
study has reported that LRRC19 can recognize gut microbiota and activate
NF-kB and MAPK pathways to induce the production of proinflammatory
cytokines, chemokines and antimicrobial substances, promoting inflam-
matory responses, while Lrrc19 deficiency reduces gut inflammatory
responses’’. In addition, our recent study has indicated that LRRC19 can
promote intestinal epithelial permeability through reducing the expression
of ZO-1, ZO-3, and occludin. Moreover, tighter junctions and narrower
gaps between colonic cells were observed by transmission electron micro-
graphs in Lrrc19™" mice™. All of these implied that LRRC19 is involved in
intestinal inflammation and impairment of gut barrier function. Interest-
ingly, our present study found that MHFD up-regulated the expression of
LRRC19, whereas LRRC19 depletion improved the production and func-
tion of MUC2, indicating alleviation of intestinal mucus barrier disruption
in MHFD offspring. The data we present here clearly showed that LRRC19
can be involved in the MHFD-induced impaired intestinal mucus barrier of
offspring.

To investigate the potential mechanisms whereby LRRC19 depletion
might impact the microbiota to protect the MHFD-induced intestinal
mucus barrier disruption, we further analyzed the intestinal microbiota and
microbial metabolism. On the whole, our results highlight the coordination
of microbiota alteration along with associated metabolic pathway and
intestinal mucus barrier disruption of offspring exposed to MHFD. Previous
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Fig. 9 | LRRC19 depletion alleviates intestinal mucus barrier disruption of off-
spring exposed to maternal high-fat diet. Maternal high-fat diet alters gut
microbiota, resulting in a higher relative abundance of pathogenic bacteria, which
could penetrate the intestinal mucus layer and be recognized by LRRC19. The
activation of LRRC19 further aggravates the alteration of gut microbiota. Subse-
quently, the decreased abundance of IAA-producing bacteria (such as Lactoba-
cillus_reuteri) results in a decreased level of IAA, thus reducing the secretion and
fucosylation of MUC2 as well as differentiation of goblet cells. Ultimately, the gut

epithelial mucus barrier function is compromised. In contrast, LRRC19 depletion
partly reverses the alteration of gut microbiota and promotes the restoration of
tryptophan metabolic function, and alleviates the intestinal mucus barrier disrup-
tion of offspring exposed to MHFD. IAA improved the mucus barrier function by
increasing the number of IL-22" ILC3 cells in an AhR-dependent manner. MHFD,
maternal high-fat diet. LRRC19, leucine-rich repeat C19. WT, wild type (Lrrc19*%).
Lrrc19 KO, Lrrel9 knockout (Lrrc1977). IAA, indoleacetic acid.

studies have indicated that MHFD could alter the microbiota of early-stage
offspring®'**. In this study, the composition and diversity of microbiota in
MHED offspring presented significant alterations consistently, with the
characteristic of a significantly increased ratio of the Firmicutes/Bacter-
oidetes. We have previously found that under normal conditions, LRRC19 is
highly expressed in the intestinal epithelium and is involved in regulating
the development of the intestinal immune system. The intestinal microbiota
can activate LRRC19, which mediates the expression of regenerating islet-
derived (REG) proteins through the TNF receptor-associated factor 2
(TRAF2) and TRAF6-mediated NF-kB signaling pathway. Members of the
REGs can kill Gram-positive bacteria in the intestine. After LRRC19
knockdown, activation of the NF-kB signaling pathway is reduced and
expression of REGs is decreased, which leads to altered bacterial structure.
In our study, we also found changes in the structure of the microbiota'’.
Specifically, knocking out Lrrc19 markedly increased the proportions of
Bacteroidetes, which harbor abundant tryptophanases and have the ability
to transform tryptophan into several molecules®. Moreover, some Muc2-
associated bacteria, such as Akkermansia_muciniphila_CAG_154,
were decreased in the MHFD group. Multiple studies have indicated
that Akkermansia muciniphila can encode the mucin-dependent
enzymes and balance the mucin degradation and reservation in maintain-
ing intestinal mucosal barrier function. In addition, Akkermansia mucini-
phila would restore the expression of gut epithelial tight junction proteins
occludin to enhance the intestinal barrier function”. Interestingly, a slight
increase of Akkermansia_muciniphila_CAG_154 in the Lrrc19-deficient
offspring was observed in this study. Hence, our present data suggested that
MHED may disrupt the intestinal mucus barrier by inducing the alterations
of mucin-associated microbiota, and LRRC19 is involved in this process. On
the other hand, in view of the significant increase of Lrrcl9-associated
bacteria in the MHED group, such Bacteroidales_bacterium_M®6 as shown
in our study, we hypothesized that MHFD may induce the increase of some
Lrrc19-associated bacteria, thus up-regulating the expression of LRRC19.
Although our study verified that LRRC19 is involved in the process
of MHFD-induced gut microbiota alteration and intestinal mucus
barrier disruption, the relationship between MHFD and LRRC19, as well as

the interaction between LRRC19 and gut microbiota remains to be further
explored.

As messengers of microbiota and host, metabolites produced by gut
microbiota play a critical role in maintaining intestinal immune home-
ostasis and gut barrier integrity”. Previous studies have shown that dietary
alteration could affect gut microbiota composition and thus influence
bacterial metabolism* ™. For instance, HFD induced gut dysbiosis and
decreased the production of short-chain fatty acids and tryptophan
metabolites***’. Similarly, alterations of metabolites, such as short-chain
fatty acids and tryptophan metabolites, had been observed in inflammatory
bowel disease patients™. In our study, pups with MHFD showed a lower
capacity of tryptophan metabolism, while the decreased level of tryptophan
metabolism was restored in Lrrc19~~-MHFD offspring, which revealed that
perturbations were transmitted to offspring despite no direct HFD
exposure.

Furthermore, we analyzed the intestinal microbial tryptophan meta-
bolites to investigate whether the potential protective role of LRRCI9
depletion is mediated by tryptophan metabolism. Particularly, microbial
tryptophan metabolites can increase gut barrier function and maintain
intestinal immune homeostasis via the AhR as reported”*”~*’. In the present
study, we observed that Lrrc19-deficient offspring notably increased the
level of tryptophan metabolite IAA when exposed to MHFD. Moreover, the
relative abundance of L. reuteri was significantly enriched in the Lrrc19-
deficient offspring. L. reuteri is one of the most extensively researched
probiotic species and has been widely employed as a probiotic for numerous
years™. The latest literature shows that L. reuteri reverses the impaired
microbial tryptophan metabolism in colitis mice by enhancing the expres-
sion of metabolizing enzymes leading to increased indole-3-propionic acid
and TAA syntheses™. This suggests that JAA may be a potentially beneficial
metabolite involved in mucosal barrier improvement in Lrrc9-deficient
mice exposed to MHFD. Previous studies have suggested that tryptophan
metabolites can significantly activate AhR and then increase the expression
of downstream cytokines like IL-22, thus playing a key role in gut
homeostasis”** and strengthening the integrity of the intestinal mucus
layer™* by increasing the number of goblet cells, and directly induce the
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expression of mucin genes, as well as promote fucosylation and glycosyla-
tion of MUC2™***. To investigate the mechanisms of tryptophan meta-
bolites in regulating the intestinal mucus barrier function, we focused on the
typical metabolite IAA and detected the levels of colonic cytokine IL-22 and
IL-22-producing lymphoid cell ILC3, we found that a noticeable increased
production of IL-22 as well as ILC3 in WT-IAA group compared with WT-
Control group without IAA supplementation, while this activation was
largely reversed by AhR deficiency. Similar results were observed in MUC2
immunohistochemistry and immunofluorescence staining of MUC2*
goblet cells of the colon. These results taken together indicated that tryp-
tophan metabolites promote IL-22 transcription through AhR-dependent
ILC3s, and eventually facilitate MUC2 fucosylation. Our findings in brief
supported that LRRC19 can indirectly regulate the process of tryptophan
metabolism, and subsequently affect the intestinal mucus barrier function
via tryptophan metabolite-AhR-IL-22 axis.

In particular, we performed a correlation analysis between indole
derivatives and bacteria. Studies have indicated that Bifidobacteria can
protect against microbiota-mediated colonic mucus deterioration’”. In
this study, we found that the abundance of Bifidobacterium pseudolongum,
which showed a positive correlation with IAA, was decreased in MHFD
groups while partly reversed in the Lrrc19-deficient offspring. And notably,
we found the relative abundance of Lactobacillus genus, including L. reuteri,
was restored in Lrrc19-deficient offspring as compared with WT offspring.
Our previous study has shown that LRRC19, as a potential bacterium
recognition receptor, is involved in the recognition of Lactobacillus".
Recently, studies have shown that MHFD induced social deficits and a
change of gut microbiota in offspring mice, particularly, a reduction of the
commensal bacterial species L. reuteri has been observed. More importantly,
the bacterial species L. reuteri reversed the social deficits in MHFD
offspring”. As a well-studied probiotic bacterium, L. reuteri has been
reported to promote gut mucosal integrity’”>™. Previous studies have
reported that L. reuteri can produce indole-3-aldehyde, a tryptophan-indole
derivative, and induce IL-22 production via activation of AhR to provide
mucosal protection®. Our present study has supported that L. reuferi can
increase goblet cell number and mucin fucosylation, thus mediating pro-
tection from intestinal mucus barrier disruption. Therefore, MHFD may
lead to the tryptophan metabolism disorder by inducing the changes in
IAA-associated bacteria.

There are a few limitations of this study. The early-life period is
characterized by a remarkable epigenetic plasticity. Epigenetic modification
may be an important mechanism involved in the long-term immune
adaptations by early-life environmental stimuli. However, this article pri-
marily focuses on discussing the impact of early life nutrition on offspring
gut health through the lens of gut microbiome and metabolic dysregulation,
without addressing the role of epigenetics. This represents a limitation of
this study. In addition, this article has identified the potential beneficial
tryptophan bacterial metabolite IAA. However, the improvement effect of
TAA on maternal high-fat diet-induced offspring intestinal barrier damage
has not been fully evaluated. In the future, more experiments may be needed
to explore the regulatory mechanism of IAA on intestinal mucus barrier
function.

Conclusions

In conclusion, these data suggested that LRRC19 depletion contributed to
the colonization of health-promoting bacteria, such as L. reuteri, which
enhances the microbiota-mediated tryptophan metabolism and increases
the level of TAA. It was hypothesized that IAA can activate AhR and further
increase the production of IL-22. Subsequently, IL-22 alleviates the gut
mucus barrier disruption of MHFD offspring by promoting the production
and fucosylation of MUC2. Thus, our results supported the hypothesis that
host factors are involved in the MHFD-induced intestinal mucus barrier
disruption in offspring. These present data would provide implications for
the mechanisms of MHFD-induced gut dysbiosis and intestinal mucosal
barrier disruption of offspring, and may partially explain the increased
susceptibility to multiple diseases in adulthood.

Materials and methods
Animals and treatment
All the animal care and experimental procedures were performed according
to the guidelines of the Institutional Animal Care and Use Committee at
Tianjin Medical University, and the protocols were approved by the Animal
Ethical and Welfare Committee of Tianjin Medical University. We have
complied with all relevant ethical regulations for animal use. Ten male and
10 female 7-week-old C57BL/6 mice were purchased from the Institute of
Laboratory Animal Science, Chinese Academy of Medical Sciences & Peking
Union Medical College. Animals were housed in the specific pathogen-free
facility and maintained in a light- and temperature-controlled circumstance,
and had access to chow and water ad libitum. All mice were acclimatized for
7 days and then mated to produce offspring on a control diet. Ten female
mice were confirmed to be pregnant and were randomly assigned to
maternal control diet (MCD) group and MHFD group. MCD group was fed
with a control diet (H10010; 3.85 kcal/g; 10 E% fat, 20 E% protein, 70 E%
carbohydrate), whereas MHFD group was fed with a high-fat diet (H10060;
524 keal/g; 60 E% fat, 20 E% protein, 20 E% carbohydrate) constantly
during gestation (3 weeks) and lactation (3 weeks) period. Pregnant mice
were group-housed dependent on diet and then placed in separate housing
cages one week before delivery. Total 16 pups from 5 litters were delivered
vaginally in the MCD group, and 16 pups from 5 litters were delivered
vaginally in the MHFD group. The body weights of each pup were recorded
when weaning at postnatal week 3 and the stool samples were collected.
Subsequently, pups were sacrificed under anesthesia and then the totality of
the intestinal segment was removed immediately (Fig. 1A). The samples
were formalin fixed and then embedded into paraffin as intestinal and
colonic Swiss rolls, or were rapidly dissected and then stored at —80 °C.

Considering the influence of maternal genotype and littermate effects,
littermate reared WT mice with the same parental genotype were selected as
controls for Lrrc19~~ mice. Thus, Lrrc197~ heterozygous mice were used as
parents, and then wild type (WT, Lrrc19™%) and Lrrc19™ offspring mice
were identified for experiments. Lrrcl9 knockout (Lrrc19™") male mice
were kindly provided by Professor Yang RC from Nankai University, China.
WT female mice were paired with Lrrc19~~ male mice to generate the first
filial generation (F1). Afterwards, adult heterozygous F1 mice derived from
the Lrrc19™" and Lrrc19™~ parents were crossbred to generate F2 with
different genotypes, and the pregnant Lrrc19"~ female mice were kept
together and then placed in separate housing cages one week before delivery.

Lrrc19" female mice were constantly fed with a high-fat diet
throughout gestation and lactation period, while other same-background
Lrrc19™~ female mice were fed with MCD. Under these conditions,
Lrrc197~ F2 were cohoused with their littermates (Lrrc19"" and Lrrc19™).
After weaning at 3 weeks of age, germline transmission of the Lrrc19 allele
was verified by PCR using tail DNA of F2 (Fig. 3B). There were three
different genotypes (Lrrc19"", Lrrc19™, and Lrrc1977). 9 Lrrc19™" pups
(WT-MHEFD group), 9 Lrrc19™~ pups (Lrrc19~"~-MHFD group), as well as
5 Lrrc19"" pups (WT-MCD group) and 5 Lrrc19™" pups (Lrrc19~~-MCD
group) were used for further studies. To avoid the same cage effect, we
randomly selected one mouse per litter for tissue pathology and molecular
biology experiments. The body weights of the selected pups were recorded
when weaning and the stool samples were collected, then, pups were
sacrificed according to the procedure (Fig. 3A and Supplementary Fig. 3A).
Although both of mice from the MHFD group and the WT-MHFD group
have the same genotype with Lrrc19""", they belong to different cohorts. The
parents of the mice in the MHFD group were WT. The parents of the mice in
WT-MHED group were LRRC19 heterozygous mice bred from WT mice
and Lrrc19™" mice.

7-week-old male AhR knockout (Ahr ") mice and 7-week-old male
wild type (WT, Ahr*'"") mice were kindly provided by Professor Yang RC
from Nankai University, China. To explore how IAA regulates intestinal
mucus layer through AhR, the WT mice and Ahr™'~ were divided into four
groups: WT-Control group, WT-IAA group, Ahr~'-Control group and
Ahr™""-IAA group. Drug administration (500 mg/kg IAA dissolved in 5%
DMSO or vehicle 5% DMSO) was performed daily by oral gavage (Fig. 8A).
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All mice were gavaged constantly for 5 days and were sacrificed on the 6th
day. The colon tissues were formalin fixed and then embedded into paraffin
as colonic Swiss rolls, or were rapidly processed to isolate colonic lamina
propria cells.

Ethics statement

All experiments involving animals were conducted according to the ethical
policies and procedures approved by the Institutional Animal Care and Use
Committee of Tianjin Medical University, Tianjin, China (Approval no.
TMUaMEC 2021017).

DNA fingerprint analysis for genotyping

Genomic DNA was isolated from the tails of offspring using TTANcombi
DNA Lyse&Det PCR Kit (TTANGEN, Inc., China) to identify the genotype.
DNA was used as a template for PCR amplification of the targeted Lrrc19
allele. The PCR conditions: 95 °C 10 min, 95 °C 30 s (32x), 58 °C 30's, 72 °C
1 min. The specific primers used for genotype identification of mice were as
follows: Lrrc19-GF3, AGTCTGTAGTTTCCCGAACACTGC; Lrrcl9-
GR3, TGGTGTTGTTGCCACTGTACTGC and Neo5R, GGCTGGACG-
TAAACTCCTC[26]. Products were visualized with 1.0% (wt/vol) agarose
gel. The single stripe shown on 553 bp indicated a genotype of Lrrc19™*, and
the single stripe shown on 399 bp indicated a genotype of Lrrc19™"".

Histology and immunohistochemistry

Formalin-fixed paraffin slices (4-pum) were used for haematoxylin and eosin
staining after deparaffinization and hydration. At least five random fields
from %200 images were viewed under light microscopy (Leika DM5000 B,
Germany) for each mouse. The intestinal development was assessed by
measuring the well-orientated villi length of intestine and the well-
orientated crypts depth of colon. The length from crypt opening to the tip of
the villi was measured as villi length, and the length from the crypt base to its
opening was measured as crypt depth®. For immunohistochemistry, ran-
domly selected samples from different litters were applied. Sections were
incubated with primary antibody against Ki-67 (Abcam, ab16667; 1:200),
MUC2 (Servicebio, GB11344; 1:1000) or LRRC19 (Abcam, ab106657;
1:200) overnight at 4 °C. Next, sections were washed, incubated with a
biotinylated secondary antibody and counterstained with 3, 3’-diamino-
benzidine. Five random fields from x200 images were viewed, and the
expression of MUC2 and Ki-67 was analyzed by the absolute number of
positively staining cells in well-orientated villi or crypts. Blinded reading of
the histology was carried out by an experienced pathologist.

Periodic acid Schiff (PAS) staining

Randomly selected samples from different litters were applied for PAS
staining. Colon slices were dewaxed, incubated with 1% periodic acid
solution (Sigma-Aldrich, USA) for 10 min, stained by Schiff reagent (Sigma-
Aldrich, USA) for 40 min and hematoxylin for 2-5 min. Each step was
followed by rinsing in phosphate buffer saline. The number of positively
stained particles in each crypt from five random fields in X200 images was
counted by an experienced pathologist in a blinded fashion to evaluate the
presence of goblet cells.

Immunofluorescent staining

In order to evaluate the production and fucosylation of MUC2, immuno-
fluorescence staining for MUC2" Ulexeuropaeus agglutinin I* (UEA-I")
goblet cells were performed. Briefly, the deparaffinized sections were
incubated with Antigen Unmasking Solution (Vector Laboratories, Inc.,
USA) for 15 min followed by 5% BSA to block non-specific binding. Sub-
sequently, the colonic sections were incubated with primary antibody
against MUC2 (Servicebio, GB11344; 1:1 000) overnight at 4 °C. Then the
slices were washed three times with 1 x phosphate buffer saline for 5 min
and incubated with fluorochrome-conjugated secondary antibody (Abb-
kine, A24421; 1:500) in the dark for 60 min followed by fluorescein
isothiocyanate-conjugated UEA-I lectin (EY laboratories, inc., USA) for
30 min at room temperature. Nucleus was lastly dyed with DAPI (4, 6-

diamidino-2-phenylindole). Fluorescence images were acquired with a
Leika DM5000 B fluorescence microscope and five random fields from x200
images were observed. For quantitative analysis, MUC2 UEA-I" goblet cells
in each well-orientated crypt were performed. Moreover, the small intestinal
sections were incubated with primary antibody against IgA (Abcam,
ab97231; 1:200) followed by secondary antibodies in the dark, and the IgA
positive cells in each villus from five random fields in X200 images were
counted to quantitatively analyze the IgA level. Samples from different litters
were randomly selected from each group for immunofluorescence staining.
The quantitative analysis was performed in a blinded fashion by an
experienced pathologist.

Realtime-PCR analysis

Small intestinal or colonic samples from different litters were randomly
selected from each group for Realtime-PCR analysis. RNeasy mini kit (Qiagen,
Germany), TIANScript RT Kit (TTANGEN, Inc., China), and Tagman Gene
Expression Master Mix were used for RNA extraction, retrotranscription and
quantitative PCR, respectively. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA expression was detected as internal control and the relative
change in mRNA expression was calculated by 2*“" method. All reactions
were taken in triplicate. The oligonucleotide primer sequences (GENEWIZ,
Inc,, China) for target genes including gapdh, Muc2, and Lrrc19 were as
follows: Gapdh- forward:GGAGAAACCTGCCAAGTATG; Gapdh- reverse:
TGGGAGTTGCTGTTGAAGTC; Muc2-forward: TCGCCCAAGTCGAC
ACTCA; Muc2- reverse: GCAAATAGCCATAGTACAGTTACACAGG;
Lrrc19- forward CCCAGATGAGCTAAAGCACGA; Lrrcl9- reverse: GAAA
GCCCAGCTTTTCCCAAG.

Enzyme-linked immunosorbent assay (ELISA)

Samples from different litters were randomly selected from each group for
ELISA. Collected colonic tissues were homogenized and centrifuged and
then assessed by ELISA for IL-22 according to the tmanufacturer’s
instructions (SenBeiJia Biological Technology Co., Ltd., China). The content
of IL-22 was quantified by measuring optical density from two to three
titrations using standard curves.

Metagenomic sequencing and analysis

Randomly selected one frozen fecal sample from each litter of MCD and
MHED groups and all frozen fecal samples of WT-MHFD and Lrrc19™
“-MHFD groups underwent metagenomic analysis (Realbio Genomics
Institute, Shanghai, China). Briefly, the bacterial genomic DNA was
extracted using QIAamp DNA Stool Mini Kit (Qiagen, Germany) based on
the instruction manual. Then, DNA integrity and concentration were
detected. Following the Illumina TruSeq DNA Sample Prep v2 Guide
(Ilumina, Inc., USA), the DNA paired-end libraries with an insert size of
500 bp were constructed and then the quality of all libraries was evaluated.
All samples were subject to 150 bp paired-end sequencing on an Illumina
HiSeq X Ten platform (Illumina, Inc., USA). Subsequently, the gut gene
catalog was constructed, and open reading frames in contigs were predicted
using MetaGeneMark (version 3.26). Clean reads were aligned to the
microbial reference genomes downloaded from the National Center for
Biological Information (NCBI, http://www.ncbi.nlm.nih.gov) using taxo-
nomic and gene profiling SOAPalign2.21. Functional annotations were
carried out by BLASTP search against the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database. For each functional feature (KO in KEGG
database), its abundance was estimated by accumulating the relative
abundance of all genes belonging to this feature.

Bray-Curtis metrics were used to calculate pairwise dissimilarities
between samples and evaluate beta-diversity. The non-parametric Wil-
coxon test was performed to calculate statistical significance of the gene, KO,
diversity indices, and different taxonomic (phylum, genus, species) levels.
Linear discriminant analysis (LDA) Effect Size (LEfSe) algorithm was used
to identify the significantly different in relative abundance between groups,
and different features with an LDA score cut-off of 2.0 and P < 0.05 were
regarded as statistically significant.
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Metabolomic analysis

The frozen fecal samples for metagenomic analysis were sent to the Metabo-
Profile Biotechnology (Shanghai, China) for metabolomic analysis. The
samples were placed on an ice bath to thaw, 10 mg of feces were homo-
genized in 40 pL deionized water for 3 min, and then added with 160 pL
methanol (with internal standard). After secondary homogenization for
3 min, the mixture was centrifuged at 18 000 g for 20 min at 10 °C and the
supernatant was transferred to a new tube. Subsequently, 50 pL supernatant
was added into a new 96-well plate with 50 uL deionized water, oscillated at
650 rpm for 10 min at 10 °C, waiting for further analysis. The tryptophan
metabolites were detected by UPLC-MS/MS from the United States
(ACQUITY UPLC-Xevo TQ-S, Waters Corp. USA). The raw data gener-
ated from UPLC-TQMS were analyzed by MassLynx of Waters (V4.1,
Waters, USA), including peak extraction, integration, identification, and
quantitative analysis for each metabolite.

Flow cytometry

The Peyer’s patches and superficial adipose tissue were firstly removed from
the colon. Then the colons were cut longitudinally, minced into small pieces
and digested in the 1 mM EDTA followed by RPMI medium with 5% fetal
bovine serum (FBS) and 0.15% collagenase II (275 U/mg)/0.05% dispase
(1.1 U/mg) (Invitrogen) for 1h at 37 °C to remove epithelial cells. Lym-
phocytes suspensions of lamina propria were prepared by sifting through
70 mm cell strainer and stained for further application. For intracellular
staining, lamina propria lymphocytes (LPLs) were cultured and stimulated
for 6 h with 50 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma) and
1 mg/ml ionomycin (Sigma) along with 10 ng/ml GolgiStop (BD Bios-
ciences). For IL-22 induction, IL-23 (Peprotech) was applied. After incu-
bation for 6 h, cells were washed in 1% serum PBS for three times, and
surface antigen was stained with fluorescein isothiocyanate (FITC)- labeled
Lin(CD3, CD19, GRI, Ly6C), peridinin-chlorophyll-protein complex
(PerCP)- labeled CD45, phycoerythrin-Cyanine7 (PE-Cy?7)- labeled CD127
antibody. Cells were then washed, fixed in Cytofix/Cytoperm, permeabi-
lized with perm/wash buffer (BD Biosciences), and stained with allophy-
cocyanin (APC)- labeled RORyt and phycoerythrin (PE)- labeled IL22
according to previously published protocols®. For flow cytometric analysis,
ILC3s (CD3°CD19° GR1™ Ly6C CDI127"CD45"RORyt" IL-22%) were
sorted with DXxFLEX Beckman.

Statistics and reproducibility

Statistical analyses for all experiments except metagenomic analysis and
metabolomic analysis were performed using GraphPad Prism software.
Group sizes are described for each figure legend. All of our data first
underwent normality testing to determine if they conform to a normal
distribution. The measured data were presented as the means + SDs and
statistically analyzed by Student’s ¢ test in two groups or two-way analysis of
variance (ANOVA) among four groups. A P- value less than 0.05 was
considered statistically significant. We repeated each experiment at least
three times. When sample size was reduced within a specific measurement,
it represented a technical limitation due to insufficient plasma or tissue
volume or equipment malfunction, etc. All tests were taken from distinct
samples.

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

Data availability

All authors had access to all data and reviewed and approved the final
manuscript. All data are included in this article or uploaded as supple-
mentary files. And metagenomic sequencing data have been deposited in
NCBI(PRJNA703475).  (http://www.ncbi.nlm.nih.gov/bioproject/703475;
https://www.ncbi.nlm.nih.gov/sra/PRINA703475). Supplementary Data 1
consists of the source data for the graphs in the main figures. Supplementary
data 2 contains of the source data for metabolite detection.
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