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Lactobacillus-derived indole-3-lactic
acid ameliorates colitis in cesarean-born
offspring via activation of aryl hydrocarbon receptor

Yanan Xia,1,2 Chang Liu,1,2 Ruijia Li,1,2 Mengqi Zheng,1,2 Bingcheng Feng,3 Jiahui Gao,1,2 Xin Long,1,2

Lixiang Li,1,2,4 Shiyang Li,1,5 Xiuli Zuo,1,2,4,6,* and Yanqing Li1,2,4,7,*

SUMMARY

Cesarean section (CS) delivery is known to disrupt the transmission of maternal microbiota to offspring,
leading to an increased risk of inflammatory bowel disease (IBD). However, the underlying mechanisms
remain poorly characterized. Here, we demonstrate that CS birth renders mice susceptible to dextran sul-
fate sodium (DSS)-induced colitis and impairs group 3 innate lymphoid cell (ILC3) development. Addition-
ally, CS induces a sustained decrease in Lactobacillus abundance, which subsequently contributes to the
colitis progression and ILC3 deficiency. Supplementation with a probiotic strain, L. acidophilus, or its
metabolite, indole-3-lactic acid (ILA), can attenuate intestinal inflammation and restore ILC3 frequency
and interleukin (IL)-22 level in CS offspring. Mechanistically, we indicate that ILA activates ILC3 through
the aryl hydrocarbon receptor (AhR) signaling. Overall, our findings uncover a detrimental role of CS-
induced gut dysbiosis in the pathogenesis of colitis and suggest L. acidophilus and ILA as potential targets
to re-establish intestinal homeostasis in CS offspring.

INTRODUCTION

Inflammatory bowel diseases (IBDs), including ulcerative colitis (UC) and Crohn’s disease (CD), are chronic and relapsing disorders of the

gastrointestinal tract with increasing global incidence.1 Although the etiology of IBD is not fully understood, evidence suggests that both

genetic predisposition and environmental factors contribute to the initiation and recurrence of these diseases.2 Recent studies have high-

lighted the role of intestinal microbiota in IBD pathophysiology.2–4 Germ-free mice experiments demonstrate the impact of gut microbiota

on the early stage of intestinal immune system development, which potentially affects IBD susceptibility.5,6 For example, the colonization of

neonatal germ-free mice with normal intestinal flora could alleviate oxazolone-induced colitis by abrogating the excessive accumulation of

invariant natural killer T (iNKT) cells in the colon.7 Given the limitations of germ-freemice in recapitulating the complex host-microbiota inter-

play, it is imperative to explore whether gut microflora alterations caused by early-life disturbances in clinical interventions can have enduring

effects on the development of intestinal immunity.

The colonization and expansion of gut microbiota are affected by various factors, among which cesarean section (CS) delivery plays a sig-

nificant role.8–10 The incidence of CS has risen substantially in recent years, far exceeding the guidelines recommended by the World Health

Organization.8,9 This increase in CS delivery is concerning due to its potential to deprive infants of themicrobial exposure they would normally

receive during a vaginal birth, which has been shown to be crucial for establishing a healthy gut microbiome.10–12 The majority of studies to

date have indicated that CS-born infants are at a higher risk of immunologic and metabolic disorders, including allergy,13,14 IBDs,15,16 type 1

diabetes,17 and obesity.18,19 However, some of these associations remain controversial,20,21 and the underlying mechanisms are unclear.

Numerous strategies have been tried out to restore a healthy gut microbiota composition in CS offspring, such as dietary probiotics, vaginal

fluids seeding, and mother fecal transplantation,12,22,23 however, whether these interventions can reverse the long-term consequences

related to CS remains poorly characterized. Therefore, it is crucial to evaluate the impact of CS delivery on gut microbiota and to assess

the potential of intervention strategies in improving the associated health outcomes.

Lactobacillus, themost frequently isolatedmicroorganism from the healthy human vagina,24 is important for promoting a healthy intestinal

environment and restoring a balanced microbial population.25 Furthermore, several strains of Lactobacillus have exhibited
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Figure 1. CS increases susceptibility to DSS-induced colitis and alters the gut microbiome

(A) Schematic representation of CS animal model and study design, created with BioRender.

(B–G) 3% DSS was administered to mice and disease assessments were carried out on day 8 by body weight loss (B), DAI scores (C), colon shortening (D and E),

H&E staining with histopathological scores of the distal colon (F and G), scale bars, 100 mm (n = 5 per group).

(H) Boxplots of Chao1 and Shannon Diversity index calculated on fecal samples at week 1, week 3 and week 6 by unpaired t-test, compared between VD and CS

groups (n = 5 per group).

ll
OPEN ACCESS

2 iScience 26, 108279, November 17, 2023

iScience
Article



immunomodulatory properties through the production of metabolites.26 Preclinical studies have shown its efficacy in alleviating colitis.27,28

However, infants born by CS display decreased relative abundance of Lactobacillus in the gut microbiome compared with their vaginal de-

livery (VD) counterparts.22,29 Whether this CS-induced reduction in Lactobacillus can affect gut immunity and IBD susceptibility remains to be

further elucidated.

In this study, we investigated the effects of birth mode on gut microbiota and intestinal immunity in the dextran sulfate sodium (DSS)-

induced colitis model. We observed that CS birth aggravated intestinal inflammation and impaired group 3 innate lymphoid cell (ILC3) acti-

vation both at steady state and during colitis. Furthermore, we detected significant alterations in gut microbiota composition induced by CS

and identified the key roles of Lactobacillus acidophilus and its metabolite indole-3-lactic acid (ILA) in ameliorating colitis and restoring ILC3

function in CS offspring. Our findings provide additional insights into a microbiome-driven correlation between birth mode, gut immunity

development, and colitis, which may have implications for the prevention and treatment of IBD.

RESULTS

Cesarean section increases susceptibility to dextran sulfate sodium-induced colitis and alters the gut microbiome

To explore the influence of birth mode on susceptibility to colitis later in life, ICR mice delivered via CS or vaginally were subjected to the

continuous administration of 3% DSS or normal water for 8 days (Figure 1A). At steady state, no significant differences were observed

comparing VD and CS mice. In the DSS-induced colitis group, CS-born mice exhibited aggravated intestinal inflammation, along with con-

stant weight loss, higher disease activity index (DAI) score, shorter colon length, and increased disruption of epithelial crypt architecture

compared with those born vaginally (Figures 1B–1G). Given the significant role of delivery mode in driving variation in the gut microbiota,

we compared the composition of fecal flora in both VD and CS mice at different stages of their lives (early life: week 1, pre-weaning adoles-

cence: week 3, and adulthood: week 6). Although the Shannon alpha diversity index was unchanged, the Chao1 index decreased significantly

in CS mice at week 6 (p = 0.0015), indicating a lower microbial diversity in the feces of CS-born mice compared with VD mice in adulthood

(Figure 1H). Principal coordinate analysis (PCoA) revealed that CS altered the beta diversity of the gut microbiota in mice, with the most pro-

nounced changes occurring at the age of 6 weeks (Figure 1I). We analyzed the relative abundances of these taxa to identify the details of the

bacterial alterations. At the genus level, the microbiota of VD and CS groups developed similarly, with a predominant abundance of Lacto-

bacillus in early life and an expansion of norank_f_Muribaculaceae from 3weeks onwards. However, the abundance of Lactobacilluswas found

to be decreased in CSmice compared to their VD counterparts, with particularly marked differences at 3 (p = 0.0253) and 6 (p = 0.0134) weeks

of age. These findings are in line with prior clinical studies.22,29 By contrast, the Escherichia-Shigella genus, commonly associated with the

environment, had a higher relative abundance level in CS mice compared with VD offspring at week 1 (p = 0.0079). From 3 weeks of age on-

wards, Bacteroides (p = 0.0166) was enriched while Rikenellaceae_RC9_gut_group (p = 0.0156) was significantly depleted in CS mice

(Figures 1J and 1K). Differences in the abundance of other taxa between the two groups were minimal (Figure S1). The linear discriminant

analysis effect size (LEfSe) results validated the finding that CS-born mice had a lower proportion of genus Lactobacillus (LDA = 5.367) in their

intestines than the VD group in adulthood (Figure 1L).

Overall, these outcomes suggest that cesarean delivery in mice increases susceptibility to experimental colitis and causes significant al-

terations in the gut microbiome.

Gut microbiota plays a crucial role in the susceptibility of cesarean section mice to dextran sulfate sodium-induced colitis

To examine the impacts of gut microbiota on experimental colitis susceptibility in CS mice, we conducted fecal microbiota transfer (FMT) via

co-housing. To minimize litter effects, we randomly assigned littermates from multiple litters. The gut microbiota composition of co-housed

VD (VD-CH) and co-housed CS (CS-CH) offspring was examined in adulthood. Co-housing reversed the lower alpha diversity indices in CS

mice and there were no obvious differences in microbial community structure between the two groups based on PCoA analysis

(Figures 2A and 2B). Most importantly, the reduction in genus Lactobacillus associated with CS was reversed by co-housing (Figures 2C

and 2D). We administered 3% DSS in drinking water to VD, CS, VD-CH, and CS-CH mice (Figure 2E). Interestingly, compared with CS

mice, CS-CH mice exhibited alleviated colitis symptoms, including reduced body weight loss, lower DAI and increased colon length

(Figures 2F–2I). Histological analysis revealed that co-housing suppressed DSS-induced inflammatory cell infiltration and crypt destruction

(Figures 2J and 2K). In addition, co-housing significantly reduced DSS-elevated levels of IL-1b and TNF-a in the colon of CS (Figures 2L–2O).

Figure 1. Continued

(I) PCoA analysis of fecal microbiota structure in VD and CS mice at week 1 (ANOSIM; R = 0.328, p = 0.027), week 3 (ANOSIM; R = 0.532, p = 0.008), and week 6

(ANOSIM; R = 0.576, p = 0.004) based on Bray-Curtis distance, with ellipses indicating 95% confidence interval (CI) of datapoints (n = 5 per group).

(J) Changes in the mean relative abundances of bacterial genera in feces, sampled at week 1, week 3, and week 6 in both VD and CS groups. Only those genera

with mean relative abundances of >2% across all samples are represented, while the remaining sequences are grouped as others (n = 5 per group).

(K) Several significantly changed microbes, including Lactobacillus, Bacteroides, Escherichia-Shigella and Rikenellaceae_RC9_gut_group are presented with

their group means and standard errors (n = 5 per group).

(L) Cladogram based on LEfSe analysis from phylum to genus level with the value of the Kruskal–Wallis rank-sum test set to 0.05 on week 6 (n = 5 per group).

Each identified sequence was taxonomically categorized using the SILVA database (Release138 http://www.arb-silva.de) (J–L). Data shown as the meanG SEM.

One dot represents one mouse. ns, not significant, *p < 0.05, **p < 0.01, and ***p < 0.001. VD(CON): Mice born vaginally exposed to normal water; CS(CON):

Mice born by CS exposed to normal water; VD(DSS): Mice born vaginally exposed to 3% DSS; CS(DSS): Mice born by CS exposed to 3% DSS.
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Figure 2. Gut microbiota plays a crucial role in the susceptibility of CS mice to DSS-induced colitis

(A) PCoA analysis of fecal microbiota structure in co-housed VD and co-housed CS mice at steady state (n = 5 per group).

(B) Boxplots of Chao1 and ShannonDiversity index calculated on samples from co-housed VD and co-housed CSmice at steady state by unpaired t-test (n = 5 per

group).

(C and D) Comparison of the mean relative abundance of fecal bacteria in co-housed VD and co-housed CS mice at the genus level (C) and the mean relative

abundance of Lactobacillus in co-housed VD and co-housedCSmice at steady state (D). Each identified sequence was taxonomically categorized using the SILVA

database (Release138 http://www.arb-silva.de) (n = 5 per group).

(E) Schematic representation of study design, created with BioRender.

(F–K) An 8-day course of 3% DSS was administrated to mice. Disease severity was assessed at day 8 by weight loss (F), DAI scores (G), colon shortening (H and I),

H&E staining with histopathological scores of the distal colon (J and K), scale bars, 100 mm (n = 5 per group).

(L and M) qRT-PCR analysis of relative Il1b (L) and Tnf (M) expression in the colon tissue of mice from different groups treated with 3% DSS for 8 days (n = 5–6 per

group).

(N andO) ELISA determined the protein levels of IL-1b (N) and TNF-a (O) in the colon tissue ofmice fromdifferent groups treatedwith 3%DSS for 8 days (n = 6 per

group).

Data shown as the mean G SEM. One dot represents one mouse. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. VD-CH: VD

co-housed; CS-CH: CS co-housed.
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Figure 3. CS impairs ILC3 development and IL-22 expression in the intestine

(A) Volcano plot showing the significantly different up-regulated and down-regulated genes of colon tissues in CS (DSS) group compared with those in VD (DSS)

group (n = 4 per group).

(B) GSEA of RNA-seq data revealed gene sets significantly enriched in CS (DSS) mice compared with VD (DSS) mice, particularly for gene sets involved in the

inflammatory response signaling pathway (n = 4 per group).

(C) Bubble plot showing the top 20 enriched KEGG pathways for DEGs between VD (DSS) and CS (DSS) group (n = 4 per group).
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Our results collectively suggest that gut microbiota is partially responsible for the increased susceptibility to experimental colitis in

CS mice.

Cesarean section impairs ILC3 development and IL-22 expression in the intestine

The impact of microbial colonization during early life on immune system development and host health is well-established.6,30 Therefore, it is

imperative to investigate whether alterations in the intestinal microbiota resulting from CS would affect the colonic immune system. We con-

ducted RNA-sequencing on colon tissues fromVD andCSmice at steady state and after colitis induction. For comparison betweenCS and VD

mice with DSS-induced colitis, we identified 1718 differentially expressed genes (DEGs). Specifically, transcripts associated with tissue repair

(Il18, Il22,Hbegf), intestinal barrier (Muc2, Tjp3), and normal lymphoid organogenesis (Rorc) were down-regulated, and those linked to inflam-

matory responses (Il1a, Il1b,Nlrp3, S100a9) and immune cell recruitment (Ccl2,Ccl3,Cxcl2,Cxcl3,Cxcr2) were up-regulated in CS colitis mice

(Figures 3A and 3C). Gene set enrichment analysis (GSEA) demonstrated an increase in inflammatory response gene set in CS colitis mice

(Figure 3B). Furthermore, KEGG analysis of DEGs revealed the strongest enrichment of the cytokine-cytokine receptor pathway in CS colitis

mice comparedwith VD colitis mice (Figures 3C and 3D).We also compared the colonic transcriptomes of CS and VDmice at steady state and

identified 603 DEGs. Transcripts encoding calcium channels (Trpv1, Trpv3, Ephb6) were enriched in CS control mice (without DSS treatment),

while those encoding proteins involved in gut homeostasis, including Ffar2, Rorc, Il18,Muc2, were down-regulated comparedwith VD control

mice. Expression of Il22 was also decreased in CS control mice, but not to a significant degree. We further intersected the two gene sets

(CS_CON versus VD_CON and CS_DSS versus VD_DSS) with genes in the "inflammatory bowel disease" list and identified 5 transcripts

(Rorc, Il18, Il1a, Il1b, Il22) that were commonly dysregulated (Figure 3E). We then validated that colonic tissues from CSmice displayed lower

Il22 and higher Il1b and Tnf expression than VD group by qRT-PCR (Figures 3F–3H). These data indicate that CS increases the expression of

pro-inflammatory genes in colitis.

It is noteworthy that IL-22 plays a crucial role in early host defense, epithelial barrier function, and mucosal repair.31,32 Additionally, tissue-

resident ILC3s, characterized by expressing the transcription factor RAR-related orphan receptor gamma t (RORgt), constitute the primary

source of IL-22 after intestinal damage.33,34 Based on the above results, we hypothesized that CS mice exhibited impaired development

of ILC3s. To test this hypothesis, we detected the colonic ILC3 frequency and IL-22 expression in VD and CS mice at week 1, week 3, and

week 6 under steady state by flow cytometry (Figures 3I and 3J). Notably, the ILC3 populations exhibited a reduction in CSmice both at steady

state and after colitis induction. Expression of IL-22 was unaltered when comparing ILC3 subsets between VD andCS groups, suggesting that

the reduced IL-22 level is probably caused by the decreased ILC3 cell number in CS mice. Interestingly, cohousing could partially normalize

the reduced ILC3s frequency and lower IL-22 level in CS-born mice (Figures 3K–3N). Similarly, we also examined the proportion of other im-

mune cell populations in the lamina propria, including neutrophils, monocytes, macrophages, CD4+ T cells, and ILC2s. There were no signif-

icant alterations observedbetween the VD and theCS groups either before or after DSS-induced colitis (Figure S2).We confirmed a reduction

in IL-22 level in the colonic tissue of CS-born mice following treatment with DSS via ELISA. Notably, co-housing was found to reverse this

reduction (Figure 3O).

Together, these results suggest that CS delivery leads to long-term alterations in the colonic immune system, resulting in the impaired

development of ILC3s and reduced level of IL-22, which are associated with gut dysbiosis.

L. acidophilus strain supplementation attenuates dextran sulfate sodium-induced colitis and restores group 3 innate

lymphoid cell frequency and IL-22 level in cesarean section mice

To investigate whether the reduced abundance of genus Lactobacillus contributed to the colitis severity and immune dysregulation in CS

mice, we first determined the correlation between genus Lactobacillus relative abundance and ILC3 proportion in the intestine of VD and

CS mice using Spearman correlation. Our results showed a significant positive correlation between genus Lactobacillus abundance and

ILC3 frequency at week 3 and week 6 (Figure S3). Then, we treated mice with a probiotic strain, L. acidophilus, and an equal volume of

PBS was used as a negative control (Figure 4A). We observed that probiotic-treated CSmice presented withmore alleviated colitis symptoms

including less weight loss, reduced DAI, and longer colon length as well as relatively milder histopathological outcomes than CS

group treated with PBS. L. acidophilus treatment also reduced the colitis severity in VD-born mice but not to a significant degree

(Figures 4B–4G). Moreover, CS colitis mice with probiotic-treatment showed lower levels of pro-inflammatory cytokines, including IL-1b

Figure 3. Continued

(D) Heatmap showing expression levels of DEGs between VD (DSS) and CS (DSS) group in the list of ‘‘Cytokine-cytokine receptor pathway’’ term in the KEGG

database (n = 4 per group).

(E) Venn diagram illustrating the number of shared DEGs among the 3 gene sets (n = 4 per group). Control CS vs. VD: DEGs between CS (CON) and VD (CON);

DSS CS vs. VD: DEGs between CS (DSS) and VD (DSS); IBD: Genes in the list of ‘‘inflammatory bowel disease’’ term in the KEGG database.

(F–H) qRT-PCR analysis of relative Il1b (F), Tnf (G) and Il22 (H) expression in the colon tissue of VD and CS mice from untreated control group or 3% DSS-treated

group (n = 6 per group).

(I and J) Representative flow cytometry plots and percentage of colonic ILC3s (liveCD45+Lin-RORgt+) from VD and CS mice at defined ages (n = 4 per group).

(K–N) Representative flow cytometry plots and percentage of colonic ILC3s (K andM) and IL-22+ILC3s (L and N) from adult VD, CS, co-housed VD and co-housed

CS mice at steady state or after exposure to 3% DSS (n = 4 per group).

(O) ELISA determined the protein levels of IL-22 in the colon tissue of VD, CS, co-housed VD and co-housed CS mice treated with 3% DSS (n = 6 per group).

Data shown as the mean G SEM. One dot represents one mouse. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 4. L. acidophilus strain supplementation attenuates DSS-induced colitis and restores ILC3 frequency and IL-22 level in CS mice

(A) Schematic representation of L. acidophilus administration and experimental timeline, created with BioRender.

(B–G) Mice treated with L. acidophilus or PBS were given 3% DSS in drinking water for 8 days. Disease assessment was performed at day 8 by weight loss (B), DAI

scores (C), colon shortening (D and E), H&E staining with histopathological scores of the distal colon (F and G), scale bars, 100 mm (n = 5 per group).

(H and I) qRT-PCR analysis of relative Il1b (H) and Tnf (I) expression in the colon tissue of mice from different groups treated with 3% DSS for 8 days (n = 6 per

group).

(J–L) ELISA determined the protein levels of IL-1b (J), TNF-a (K), and IL-22 (L) in the colon tissue of mice from different groups treated with 3%DSS for 8 days (n = 6

per group).

(M–P) Representative flow cytometry plots and percentage of colonic ILC3s (M andO) and IL-22+ILC3s (N and P) fromDSS colitis mice treated with L. acidophilus

or PBS (n = 4 per group).

Data shown as the meanG SEM. One dot represents one mouse. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. VD(PBS): VD mice treated with PBS and

exposed to 3% DSS; CS(PBS): CS mice treated with PBS and exposed to 3% DSS; VD(L.A.): VD mice treated with L. acidophilus and exposed to 3% DSS; CS(L.A.):

CS mice treated with L. acidophilus and exposed to 3% DSS.
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Figure 5. ILA administration mitigates colitis severity and counteracts the reduced ILC3 frequency and IL-22 expression in CS mice

(A) OPLS-DA score plots and permutation tests between adult VD and CS mice at steady state (n = 4 per group).

(B) Heatmap showing abundance of the top 30 metabolites based on VIP scores (VIP >1) of CS mice vs. VD controls (n = 4 per group).

(C) Heatmap illustrating Spearman’s rank correlation coefficients (two-sided tests) between the relative abundance of gut microbiota and concentrations of

tryptophan catabolites in fecal samples from 6-week-old mice in both VD and CS groups. The genera of bacteria (with mean relative abundances of >2%

across all samples) are derived from 16S rRNA gene sequencing. Each identified sequence was taxonomically categorized using the SILVA database

(Release138 http://www.arb-silva.de).
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and TNF-a compared with their PBS control counterparts (Figures 4H–4K). Although the IL-22 expression in ILC3s from L. acidophilus-treated

mice was not significantly changed compared with that from PBS-treated CS mice, the proportion of ILC3s exhibited a significant increase in

the colon of probiotic-treated CSmice (Figures 4M–4P). At steady state, the increase in the percentage of ILC3s in CSmice was also observed

but less pronounced (Figure S4). ELISA confirmed that L. acidophilus administration alleviated the decreased expression of IL-22 in the colon

of CS mice. (Figure 4L).

The findings suggest that Lactobacillusdeficiency in the gutmicrobiota is a contributing factor to the increased susceptibility of CSmice to

experimental colitis. Additionally, probiotic treatment with an L. acidophilus strain can alleviate colitis symptoms and rescue ILC3 deficiency.

Indole lactic acid administration mitigates colitis severity and counteracts the reduced group 3 innate lymphoid cell

frequency and IL-22 expression in cesarean section mice

Since gut metabolites are essential bridges between the intestinal microflora and disease progression, we then investigated the changes in

intestinal metabolic profiles in CS mice before colitis induction. Orthogonal partial least squares discriminant analysis (OPLS-DA) score plot

revealed that metabolites of the two groups were distinctly separated (Figure 5A). Based on OPLS-DA coefficients (|FC| > 0.5) and VIP values

(VIP >1), 30 significantly altered metabolites were selected. Among these, we focused on ILA, an important product involved in tryptophan

metabolism,26,35 as it was significantly different between CS and VD groups and mainly produced by the genus Lactobacillus (Figure 5B). We

observed a substantial positive correlation between three tryptophan metabolites and genus Lactobacillus abundance, but not other bacte-

rial genera (Figure 5C). To investigate the role of ILA in the progression of experimental colitis in vivo, we administrated mice with ILA in the

same way as L. acidophilus treatment (Figure 5D). Our results showed that CSmice treated with ILA had increased body weight, reducedDAI,

less shortened colon length, and reduced histological destruction in colitis compared with CS control mice (Figures 5E–5J). Additionally,

colonic ILC3 percentage and IL-22 expression in CS colitis mice with ILA treatment were higher than those in CS control offspring

(Figures 5K–5N). ELISA showed that administering ILA effectively mitigated the reduction of IL-22 in the colon tissue of CS-born mice

(Figure 5O).

These findings suggest that ILA supplementation alleviates the severity of experimental colitis and effectively mitigates the reduction of

ILC3s and IL-22 in CS-born mice.

Indole-3-lactic acid affects group 3 innate lymphoid cell responses via the aryl hydrocarbon receptor signaling

It has been demonstrated that ILA plays a crucial role in regulating intestinal and systemic homeostasis, particularly by binding to AhR.35

Considering that AhR is an essential transcription factor for ILC3 development and IL-22 secretion,36,37 we probed whether ILA affected

ILC3 function through the AhR signaling. First, we isolated ILC3s from the lamina propria of the mice colon and treated these cells with

ILA. We observed a dose-dependent IL-22 production by ILC3s following exposure to ILA, with the strongest effect at 200uM concentration

(Figure 6A). Conversely, the ILA-induced IL-22 expression and secretion in ILC3s was inhibited with the addition of the AhR antagonist CH-

223191 (Figures 6B and 6C). Furthermore, we also verified that the ILA-induced upregulation of AhR-targeted genes, such as Cyp1a1, Fmo2,

and Kit37,38 were also blocked by the AhR antagonist in isolated ILC3s (Figures 6D–6F).

Collectively, our results demonstrate that the influence of microbiota-derived ILA on IL-22 secretion by ILC3 subsets might be exerted

through the AhR signaling pathway.

DISCUSSION

The relationship between birth mode and the onset of IBD has been debated for an extended period. Although some epidemiological

studies have suggested a higher susceptibility to IBD in individuals born by CS,15,16 others have failed to identify such a relationship.21 In

this study, we demonstrated that CS exacerbated the severity of DSS-induced colitis, which is consistent with a previous report.39 Another

study showed that CS increased sensitivity to oxazolone-induced colitis.40 The oxazolone model is a Th2-mediated process,41,42 while the

DSS-induced colitis tends to reveal more about the interaction between gut microbiota and innate immunity in colitis.43,44 Thus, it is possible

that the biological mechanisms through which CS may impact the pathogenesis of IBD are complex and multifaceted.

The transition from the in utero to the postnatal environment has a profound influence on the development of the pioneer intestinal micro-

biota.45 Previous human studies have reported that in comparison with infants born vaginally, CS-born babies have lower levels of genus

Lactobacillus, which is associated with the mother’s vaginal microbiota.22,29,46 In agreement, our findings showed that CS led to persistent

Figure 5. Continued

(D) Schematic representation of ILA administration and experimental timeline, created with BioRender.

(E–J) Mice treated with ILA or PBS were given 3% DSS for 8 days. Disease assessment was conducted at day 8 by body weight loss (E), DAI scores (F), colon

shortening (G and H), H&E staining with histopathological scores of the distal colon (I and J), scale bars, 100 mm (n = 5 per group).

(K–N) Representative flow cytometry plots and percentage of colonic ILC3s (K andM) and IL-22+ILC3s (L andN) fromDSS colitis mice with different treatment (n =

4 per group).

(O) ELISA determined the protein levels of IL-22 in the colon tissue of mice from different groups treated with 3% DSS for 8 days (n = 6 per group).

Data shown as the meanG SEM. One dot represents one mouse. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. VD(PBS): VD mice treated with PBS and

exposed to 3% DSS; CS(PBS): CS mice treated with PBS and exposed to 3% DSS; VD(ILA): VD mice treated with ILA and exposed to 3% DSS; CS(ILA.): CS mice

treated with ILA and exposed to 3% DSS.
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structural changes in the offspring’s gut microbiome, predominantly characterized by a reduced relative abundance of genus Lactobacillus.

However, there are also studies revealing a higher abundance of genus Prevotella47 or a depletion of genus Bifidobacterium48 as a pertur-

bation signature caused by CS in C57BL/6 and NIH Swiss mice, respectively. The discrepancy between our findings and those of others

may attribute to the differences in the genetic background of mice. Lactobacillus has long been advocated in clinical studies for the preven-

tion and treatment of various gastrointestinal disorders, including enteric infection, antibiotic-associated diarrhea, necrotizing enterocolitis in

preterm infants, IBD, and colorectal cancer.49 Furthermore, Lactobacillus is known to exert its functions in a strain-specific manner.50 For

example, a previous study revealed that L. reuteriD8 could accelerate intestinal epithelial cell proliferation and thus amelioratemucosal dam-

age caused by TNF-a exposure.28 Another study suggested that L. johnsonii treatment improved symptoms of DSS-induced colitis via regu-

lating the innate immune responses.51 Consistent with these studies, our findings demonstrated that supplementation with an L. acidophilus

strain successfully mitigated the severity of experimental colitis in CS mice, indicating that the colitis phenotype linked to CS birth mode is at

least partially mediated by the disrupted gut microflora. Although we observed a similar effect of FMT in reversing susceptibility to experi-

mental colitis caused by CS, it should be acknowledged that the lack of a well-defined target and the potential for transferring pathogens limit

its clinical use.52 Therefore, it will be of interest to develop targeted therapy acting on specific microbiota for reestablishing intestinal

homeostasis.

Recent studies suggest that the establishment of the microbiome in early life occurs in tandemwith immune system development, expan-

sion, and education.7,30,53–55 Our data showed high levels of pro-inflammatory cytokines in CS mice, indicating that CS delivery affects the

intestinal immune system in colitis. A previous study revealed that CS mice had a decreased proportion of FoxP3+ regulatory T cells in

the mesenteric lymph node and spleen, as well as a higher frequency of iNKT cells in colonic intraepithelial lymphocytes.40 However, the in-

fluence of CS on other immune cell types remains unclear. Here, we found that the expression of ILC3-related genes, including Rorc and Il22,

were significantly downregulated in the colon of CSmice both at steady state and after colitis induction. The decreased ILC3 frequency and IL-

22 levels in CS offspring could be corrected by co-housing, indicating that gutmicrobiota is partially responsible for the immune disturbances

caused by CS. Previous studies have demonstrated that signals from the microbiota critically influence ILC3 responses either directly or indi-

rectly via regulating epithelial andmyeloid responses.56–58 Lactobacillus has been shown to induce IL-22 production by ILC3s.26 In agreement,

we found that administrationwith an L. acidophilus strain to CSmice restored ILC3 frequency and IL-22 levels in experimental colitis. However,

the effects of L. acidophilus onCS-bornmicewere not prominent at steady state. These results indicate that inflammatory backgroundmay be

a variable influencing the role of L. acidophilus in the regulation of ILC3s.

Figure 6. ILA affects ILC3 responses via the AhR signaling

(A) Fold change in Il22mRNAexpression in isolated ILC3s stimulated with ILA at 5, 50, 100 and 200 mMas compared with vehicle (DMSO control) (n = 3 per group).

(B) Fold changes over vehicle (DMSO control) in Il22 mRNA expression in isolated ILC3s in the presence of 200 mM ILA with or without the AhR antagonist CH-

223191 (n = 6 per group).

(C) ELISA determined the protein levels of IL-22 in isolated ILC3s in the presence of vehicle alone (DMSO) or 200 mM ILA with or without the AhR antagonist CH-

223191 (n = 6 per group).

(D–F) Fold changes over vehicle (DMSO control) in Cyp1a1 (D), Fmo2 (E) and Kit (F) mRNA expression in isolated ILC3s in the presence of 200 mM ILA with or

without the AhR antagonist CH-223191 (n = 6 per group).

Data shown as the mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Previous studies have suggested the capability of Lactobacillus to regulate immune functions in part through their metabolic products,

including ILA.26,28 In this study, we observed lower fecal ILA content in CS mice, and administration of ILA to CS offspring effectively reduced

the susceptibility to experimental colitis and rescued the defective IL-22 production. These results may underscore a mechanism by which

L. acidophilus reestablished intestinal immune homeostasis in CS offspring to protect them against colitis. Apart from Lactobacillus, other gut

bacteria also have the ability to generate ILA. Several species of Clostridium and Bacteroides are capable of converting tryptophan into

ILA.59,60Furthermore,Bifidobacteriumhasbeen reported tobeamajor sourceof ILA inhumans.30,35,61Considering the intricate interplaybetween

gut microbiota and the host, further research is necessary to explore whether ILA derived from other gut bacteria, such as Bifidobacteria, could

offer similar or perhaps more potent benefits in mouse models or human subjects with increased susceptibility to colitis induced by CS.

ILA has been shown to activate AhR, which is a transcription factor that plays a pivotal role in the ILC3-regulated development of isolated

lymphoid follicles and cryptopatches, as well as local IL-22 production.26,37,62,63 Deficiency in AhR ligand production can impair IL-22 level in

ILC3s, which may disrupt epithelial barriers and immune defense.31,32 In line with these findings, we demonstrated that ILA could activate

mouse ILC3s, upregulating the expression of genes associated with the AhR signaling pathway, which were suppressed by the AhR antag-

onist. These results indicate that the stimulatory effect of ILA on ILC3s is at least partially mediated by AhR signaling. Beyond affecting

ILC3s, ILA has been demonstrated to affect other immune cells. For instance, ILA is known tomodulate intestinal T cell differentiation tomain-

tain the delicate balance between immunity and tolerance in the gut.64 It can also regulate pro-inflammatory cytokine production by mono-

cytes35 or intestinal epithelial cells61,65 to avoid excessive inflammatory damage. Moreover, ILA has the capability to mediate immune sup-

pression ofmacrophages.66 In addition to regulating immune responses, amore recent study has reported that ILA can also directlymodulate

the gut microbiota by promoting beneficial bacteria and reducing potentially harmful ones.67 In light of these multifaceted roles of ILA, it is

conceivable that some of the protective effects we observed in our CSmicemight be due to these alternativemechanisms beyond the rescue

of ILC3s and IL-22. Therefore, further investigations, including the use of genetic engineering or othermethods, arewarranted to elucidate the

specific mechanisms of ILA-mediated colitis amelioration in CS offspring.

In summary, our findings uncover the role of L. acidophilus and its metabolite ILA in mitigating the increased susceptibility to colitis in CS

mice, as well as restoring the ILC3 population and IL-22 level. Our research provides an important rationale for future interventions directed at

targeting gutmicrobiota and their metabolites to retain immune homeostasis of CS-born infants and prevent the potential long-term adverse

outcomes associated with CS in their adulthood.

Limitations of the study

Our study is currently limited to animalmodels, and clinical samples are required to validateour findings. Furthermore, our findings support the

potential use of L. acidophilus and ILA as targeted therapies for ameliorating colitis in individuals born by CS, however, additional research is

required todetermine theoptimaldosage,duration, and safetyof this intervention. Finally,whileour results suggest a relationshipbetween the

gut microbiota, the ILC3-IL-22 axis, and the susceptibility to experimental colitis in CS offspring, the role of other immune-related alterations

andnon-immunological factors associatedwithdeliverymode, such asphysical stress andhormonal exposure, still needs further investigation.
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Bacterial and virus strains

Lactobacillus acidophilus CGMCC 0460.2 Grand Pharmaceutical Group Limited N/A

Biological samples

Mice fecal samples This study N/A

Mice colon tissue This study N/A

Chemicals, peptides, and recombinant proteins

Recombinant Murine IL-2 PeproTech Cat# 212-12

Recombinant Murine IL-7 PeproTech Cat# 217-17

Recombinant Mouse IL-23 Biolegend Cat# 589002
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Fetal Bovine Serum (FBS) Gbico Cat# 10099141C
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead contact, Yanqing Li

(liyanqing@sdu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data: The 16S rRNA gene amplicon sequencing data and RNA-seq data have been deposited at the National Center for Biotechnology

Information (NCBI) Sequence Read Archive (SRA) database and Gene Expression Omnibus (GEO) database, respectively, and are pub-

licly available as of the date of publication. Accession numbers are listed in the key resources table.

� Code: This paper does not report original code.
� Other items: No other new unique reagent was generated. Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

ICR mice were purchased from Beijing SPF Biotechnology Co., Ltd. ICR outbred female mice have greater maternal care than the frequently-

used B6 mice, making them a good choice when choosing a mouse strain.68 Experiments were performed in sex-matched ICR mice aged

6–8 weeks, except for CS surgery. All mice were maintained in a specific pathogen-free (SPF) condition at Shandong University, under a

12:12-h dark-light cycle and stringent temperature and humidity (22 G 2�C, 45%). Animal experiments were supported by the Ethical and

Institutional Animal Care and Use Committee of Qilu Hospital of Shandong University (DWLL-2020-07).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Percoll Sigma Cat# GE17-0891-09

Indole-3-lactic acid Sigma Cat# I5508

CH-223191 Sigma Cat# C8124

Critical commercial assays

Mouse IL-1b ELISA Kit Lianke Biotechnology Cat# EK201B

Mouse TNF-a ELISA Kit Lianke Biotechnology Cat# EK282

Mouse IL-22 ELISA Kit Lianke Biotechnology Cat# EK222

Deposited data

16S rRNA gene sequencing data This paper SRA: PRJNA958442

RNA-seq dataset This paper GEO: GSE231473

Experimental models: Organisms/strains

ICR Mouse SPF(Beijing) Biotechnology Co., Ltd N/A

Oligonucleotides

Primers for quantitative PCR, see Table S1 This paper N/A

Universal 16S rRNA V3-V4 region primers Jin et al.55 N/A

Software and algorithms

GraphPad Prism 8.0.2 GraphPad Software N/A

FlowJo 10 software FlowJo LLC N/A

Gallios flow cytometer Beckman Coulter N/A

MoFlo Astrios EQ Beckman Coulter N/A
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METHOD DETAILS

CS surgery

Gestational day 0.5 (G0.5) was recorded by the discovery of a vaginal plug. On day 19.5 of gestation, pregnant female mice were euthanized

and 70% ethanol was applied to sterilize the abdominal skin. An incision was made in the abdomen, then the uterus was dissected out and

positioned on a sterile gauze with a heating pad underneath. The uterus was incised and gentle pressure was applied to remove the pups.

Using sterile cotton swabs, pups were massaged until they were able to breathe spontaneously, which was followed by cutting the umbilical

cord. The pups born by CS were fostered by a female giving birth on the same day. The litters of other pregnant females that delivered spon-

taneously were used as VD controls. The effects of foster care were controlled by cross-fostering in the vaginally born group (Figure 1A).

Co-housing procedure

The co-housing procedure was taken from Caruso et al.69 In brief, at 3 weeks old, VD and CS mice were weaned and co-housed together in a

1:1 ratio. A comparison was made between co-housed mice and their singly housed littermates.

Probiotic administration

The pups delivered by VD or CS received Lactobacillus acidophilus CGMCC 0460.2 at a dose of 13 109 CFU/kg body weight in sterile PBS or

PBS alone as control once a day by oral gavage, starting from birth and throughout the experiment, which has been approved by the National

Medical Products Administration in China. The probiotic was provided by Grand Pharmaceutical Group Limited.

DSS-induced colitis

DSS-induced colitis model was established as previously described.70 In brief, 6-week-old mice born by VD or CS were administered 3% DSS

(MP Biologicals, USA) for 8 consecutive days. The control groups were provided with normal drinking water. A daily body weight measure-

ment was conducted throughout the experiment. DAI scores were calculated as previously described.70 Mice were sacrificed on day 8 post-

DSS. A colon length measurement was conducted, and colon tissues and fecal samples were collected for future analysis.

Histology

Distal colonic tissue was first fixed in 4% paraformaldehyde, followed by embedding in paraffin. Staining of 4-mm sections with hematoxylin

and eosin (H&E) was performed following the manufacturer’s protocol. The histological scores were determined according to previously

described methods.27

Quantitative real-time PCR (qRT-PCR)

Total RNA from colon tissues or isolated ILC3s was extracted using TRIzol (Invitrogen) and reversely transcribed into cDNA using ReverTra

Ace� qPCR RT Kit (Toyobo). Then, qRT-PCR was done by using SYBR� Green Realtime PCR Master Mix (Toyobo). All the gene-specific

primers were synthesized by Sangon Biotech (Sangon, Shanghai). Primer sequences are listed in Table S1. Gene expression was quantified

using 2-DDCt approach in relation to endogenous Gapdh control.

Enzyme-linked Immunosorbent Assay (ELISA)

For colonic tissues, weighted samples were homogenized, and supernatants were collected. The concentrations of IL-1b, TNF-a, and IL-22

were measured by correspondingMouse ELISA Kits (Lianke Biotechnology), following the manufacturer’s instructions. For ILC3s, cell-free su-

pernatants were harvested after treatment. The IL-22 concentrations were detected by Mouse IL-22 ELISA Kit (Lianke Biotechnology).

RNA sequencing (RNA-seq)

Total RNA from colon tissues was extracted and purified using TRIzol reagent under themanufacturer’s instructions. A quantitative analysis of

RNA abundance and purity was performed on each sample and then, RNA Integrity Number (RIN) was assessed. Transcriptome sequencing

and bioinformatics analysis were performed by Lianchuan Biotechnology Company (Hangzhou, China). P-adjust threshold of 0.05 and an ab-

solute log 2 (fold change) threshold of 1 were utilized as the screening criteria for differential genes. Data analysis was conducted using

OmicStudio (http://www.omicshare.com/tools), an online platform.

Fecal 16S rRNA microbial analysis

Feces of themice born by VD or CS at different time points (1 week, 3 weeks, and 6 weeks) were collected and stored in a�80�C freezer. DNA

from fecal samples was extracted using FastDNA SPIN Kit (MP Biomedicals, Irvine, CA, USA). The 16S V3-V4 region was amplified by PCR

using universal primers.55 The purified PCR products were sequenced byMajorbio (Shanghai, China). Each identified sequence was taxonom-

ically categorized using the SILVAdatabase (Release138 http://www.arb-silva.de). The statistical analysis was conducted onMajorbio I-Sanger

Cloud Platform (https://cloud.majorbio.com/). To normalize the variations in sequencing depth, the estimates (after the exclusion of samples

with <30,000 reads) were calculated by evenly sampling. Alpha diversities were analyzed using the Chao1 and the Shannon index calculated

with the OTU. PCoA was conducted based on Bray-Curtis dissimilarity. The structural differences between VD and CS groups were
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investigated using analysis of similarity (ANOSIM). LEfSe was used to analyze differential abundances. Taxonomic cladograms, based on the

significant taxa, were constructed on the Galaxy web application (http://huttenhower.org/galaxy/).

Untargeted fecal metabolomic analysis

Stool samples from VD and CS mice at 6 weeks were sent to Majorbio (Shanghai, China) for untargeted metabolomic analysis using LC-MS.

Data analysis was carried out on Majorbio I-Sanger Cloud Platform (https://cloud.majorbio.com/).

Isolation of intestinal lamina propria lymphocytes (LPLs) and flow cytometry

Colonic LPLs were obtained following a previously established method.37 Briefly, colons were removed, opened longitudinally, sliced into

0.5 cm sections, and washed in pre-cold PBS. Intestinal epithelial cells were removed by incubation on a shaker in HBSS containing

10 mM HEPES (Gibco) and 2 mM EDTA (Invitrogen). The remaining pieces were then digested in RPMI-1640 medium (Gibco), addition

with 5% fetal bovine serum (FBS; Gibco), 1 mg/mL collagenase VIII, and 0.1 mg/mL DNase I (Sigma-Aldrich) at 37�C for 1.5 h. After filtered

through 70-mm cell strainers, LPLs were further enriched by a 40%/80% Percoll (Sigma-Aldrich) gradient centrifugation. For flow cytometry,

single-cell suspensions were incubated with Aqua (Invitrogen) at ambient temperature for 25 minutes. Fc receptors were blocked by using

unlabeled anti-CD16/32 (Invitrogen). The following antibodies were used for cell-surface staining: CD4 (GK1.5), CD19 (1D3/CD19), Ly-6C

(HK1.4), CD11b (M1/70), CD45 (30-F11), CD11c (N418), F4/80 (BM8), and CD3ε (145-2C11). Lin comprised CD11c (N418), CD11b (M1/70),

CD3ε (145-2C11), CD19 (1D3/CD19), CD45R/B220 (RA3-6B2), TER-119 (TER-119), FcεRIa (MAR-1), CD5 (53-7.3), Ly-6G (1A8), and CD16/32

(93). Antibodies used for intracellular staining included Foxp3 (MF-14), GATA3 (L50-823), RORgt (AFKJS-9), IFN-g (XMG1.2), IL-17A

(eBio17B7), IL-22 (IL22JOP) and T-bet (eBio4B10(4B10)). All these antibodies were purchased from Biolegend, Thermo Fisher Scientific, or

BD Biosciences. A Gallios flow cytometer (Beckman Coulter) was used to detect samples, and analysis of flow cytometry data was carried

out by FlowJo 10 software (FlowJo LLC).

ILC3s sorting and culture

The gating strategy used to analyze ILC3s in the large intestinewas describedpreviously.37 The cell isolationwas conducted in aMoFloAstrios

EQ (Beckman Coulter). Sorted ILC3s were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco) supplemented with 10% FBS,

100 Uml�1 penicillin, and 100 mgml�1 streptomycin (all fromGibco) in the presence of IL-2 (10mg/mL, Peprotech), IL-7 (10mg/mL, Peprotech),

and IL-23 (20mg/mL, Biolegend). Cells were treated with ILA (Sigma I5508) dissolved in 0.1% DMSO at the final concentrations of 5, 50, 100, or

200 mM. 0.1% DMSO alone was used as vehicle control. Before adding the above compounds, ILC3s were pretreated for 1 hour with the AhR

antagonist CH-223191 (Sigma C8124) at a concentration of 10 mM. Stimulated cells and supernatant were harvested after 24h treatment and

stored at –80�C for subsequent use.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was carried out using GraphPad Prism 8.0.2 software. Data were expressed as mean G SD. Normality was verified by

Shapiro-Wilk test. Statistical significance was determined by ANOVA or unpaired two-tailed Student’s t-tests. Mann–Whitney U tests or Wil-

coxon-signed rank tests were performed as necessary. P < 0.05 was considered statistically significant.
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