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SUMMARY
Children with autism spectrum disorders often display dysregulated immune responses and related gastro-
intestinal symptoms. However, the underlying mechanisms leading to the development of both phenotypes
have not been elucidated. Here, we show that mouse offspring exhibiting autism-like phenotypes due to pre-
natal exposure to maternal inflammation were more susceptible to developing intestinal inflammation
following challenges later in life. In contrast to its prenatal role in neurodevelopmental phenotypes, inter-
leukin-17A (IL-17A) generated immune-primed phenotypes in offspring through changes in the maternal
gut microbiota that led to postnatal alterations in the chromatin landscape of naive CD4+ T cells. The transfer
of stool samples from pregnant mice with enhanced IL-17A responses into germ-free dams produced im-
mune-primed phenotypes in offspring. Our study provides mechanistic insights into why children exposed
to heightened inflammation in the womb might have an increased risk of developing inflammatory diseases
in addition to neurodevelopmental disorders.
INTRODUCTION

Prenatal and early life experiences are critical determinants for

human health (Wadhwa et al., 2009). Human epidemiological

studies have suggested an association between early life expo-

sure to adverse conditions, including a maternal high-fat diet,

malnutrition, or infection during pregnancy, and the develop-

ment of various inflammatory and metabolic diseases as well

as neurodevelopmental disorders (Gluckman et al., 2008; Kel-

lermayer, 2012; Lee et al., 2015; Moore et al., 2006). Notably,

multiple studies have suggested that viral infection during preg-

nancy correlates with an increased frequency of autism spec-

trum disorder (ASD) in offspring (Atladóttir et al., 2010; Lee

et al., 2015). Intriguingly, individuals with ASD are also known

to display a broad range of non-neurological comorbidities,

including immune and gastrointestinal (GI) dysfunction

(Doshi-Velez et al., 2015; Kohane et al., 2012; Mead and Ash-

wood, 2015). Signs of inflammation include elevated produc-

tion of inflammatory cytokines, lymphoid nodular hyperplasia,
and intestinal pathologies, such as enterocolitis (Buie et al.,

2010; Coury et al., 2012; Hsiao, 2014). However, the mecha-

nisms by which inflammatory phenotypes manifest as comor-

bid symptoms of neurodevelopmental disorders are largely

unknown.

To address this question, we investigated the long-term immu-

nological consequences using an established rodent model in

which maternal immune activation (MIA) is induced in pregnant

mice by injecting them intraperitoneally with the viral mimetic

polyinosinic:polycytidylic acid (poly[I:C]) at embryonic day 12.5

(E12.5). Offspring from MIA mothers exhibit behavioral pheno-

types, such as sociability deficits and repetitive behaviors

(Choi et al., 2016; Smith et al., 2007). Here, we demonstrated

that MIA offspring also possessed epigenetically primed CD4+

T cells, which readily differentiate into inflammatory T effector

cells upon exposure to a lymphopenic condition or a bacterial

infection and exhibited heightened susceptibility to developing

colitis-like and other inflammatory phenotypes. Unlike behav-

ioral phenotypes that are prenatally determined (Kim et al.,
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2017), cross-fostering experiments suggested that the immuno-

logical phenotypes of MIA offspring were postnatally deter-

mined. We further showed that the observed immune-

primed phenotypes of MIA offspring were dictated by the

changes in the maternal gut microbiota and depended on

maternal IL-17A, the same cytokine that drives MIA-associated

behavioral and neurological phenotypes in offspring (Choi

et al., 2016). Lastly, we demonstrate that the induction of im-

mune-primed phenotypes in MIA offspring could be dissociated

from that of neurodevelopmental phenotypes. The development

of immune-primed phenotypes in offspring was selectively pre-

vented when pregnant MIA dams lacked a complex microbial

community, while only those phenotypes were induced when

germ-free (GF) dams were colonized with the gut microbiota

fromMIA-exposed, conventionally reared pregnant dams. These

data collectively provide insight into the mechanism by which

exposure to enhanced inflammation during pregnancy can

lead to long-lasting neurodevelopmental as well as immune-

primed phenotypes in a subset of individuals with ASD.

RESULTS

Prenatal exposure to maternal inflammation increases
susceptibility to bacteria-induced gut inflammation
To examine if MIA contributes to enhanced susceptibility to

inflammation, adult offspring born to PBS- and poly(I:C)-injected

mothers (hereafter referred to as PBS- and MIA-offspring) were

subjected to a Citrobacter rodentium infection, a bacterial-

induced colitis model used to study mucosal immune responses

(Silberger et al., 2017) (Figure 1A). PBS and MIA offspring, at

steady state, displayed similar body weight, colon length, and

percentages of CD4+ T cells in the lamina propria of colons

and small intestines (Figures S1A–S1E). To minimize the hetero-

geneity in the composition of gut commensal bacteria that could

act unfavorably toC. rodentium infection (Osbelt et al., 2020), we

orally pre-treated mice with metronidazole (Figure 1A) as previ-

ously reported (Wlodarska et al., 2011). Colon length and the

proportion of lamina propria CD4+ T cells remained comparable

in PBS and MIA offspring after the metronidazole treatment (Fig-

ure S2A). Subsequent C. rodentium infection did not change the

body weight of both MIA and PBS offspring (Figure S2B). Bacte-

rial loads in the colon, assessed by colony-forming units (CFUs)

and qPCR for espB essential forC. rodentium’s colonization and

pathogenesis (Sagaidak et al., 2016), were also similar between

MIA and PBS offspring. (Figures 1B and S2C). However, when

assessed 10 days after the infection, MIA offspring exhibited

exacerbated gut inflammatory phenotypes, such as colon short-

ening (Figure 1C) and hyperplastic crypts in the colon (Figure 1D),

compared to PBS offspring. These gut phenotypes were accom-

panied by systemic induction of interferon-gamma (IFN-g) and

interleukin-17A (IL-17A) (Figure 1E). In keeping with these inflam-

matory phenotypes, C. rodentium infection significantly

increased the proportion of colonic IL-17A-producing and IL-

17A- and IFN-g-producing T cells (Lee et al., 2012) in MIA

offspring compared to PBS offspring (Figures 1F, 1G, and 1I).

In contrast, the proportion of FoxP3+ regulatory T cells (Tregs)

was reduced in MIA offspring (Figures 1H and 1I). Enhanced in-

flammatory phenotypes in MIA offspring were no longer

observed 14 days after C. rodentium infection when bacterial-
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induced inflammatory responses plateaued (Bouladoux et al.,

2017) (Figures S2D–S2F). These data suggest that prenatal

exposure to MIA leads to mild but significantly accelerated im-

mune responses in offspring when challenged with bacterial

infection later in life. Of note, the MIA-induced increases in the

expression of inflammatory cytokines were present in both

male and female offspring (Figure S2G), unlike the MIA-associ-

ated neurodevelopmental phenotypes, which are preferentially

induced in males (Kalish et al., 2021).

We next tested if MIA offspring’s heightened inflammatory re-

sponses could be generalized to other immune challenges. PBS

and MIA offspring were subjected to dextran sulfate sodium

(DSS)-containing water or injected with anti-CD3 antibodies.

DSS treatment stimulates innate immune responses and induces

colitis-like phenotypes in colons (Dieleman et al., 1994), while

anti-CD3 injection leads to T cell activation followed by a robust

Th17 cell expansion in the duodenum (Esplugues et al., 2011).

Unlike C. rodentium infection, the severity of DSS-induced path-

ological phenotypes in the colons was similar between MIA and

PBS offspring (Figures S3A–S3C). In contrast, anti-CD3 treat-

ments led to a higher proportion of Th17 cells in the duodenum

of MIA offspring, although the extent of weight loss was similar

to that of PBS offspring (Figures S3D and S3E). MIA offspring

were also found with more severe disease phenotypes following

induction of experimental autoimmune encephalomyelitis (EAE),

an autoimmune disease model caused by pathogenic Th17 cells

(Figure S3F). Taken together, these results indicate that MIA

offspring exhibit immune-primed phenotypes, including

enhanced production of IL-17A following exposure to certain,

but not all, immune stimuli.
The immune-primed phenotypes of MIA offspring are
postnatally, not prenatally, shaped by mothers
To determine whether MIA generates the immune-primed phe-

notypes in MIA offspring by acting pre- or postnatally, we next

performed cross-fostering experiments in which pups born to

PBS- and poly(I:C)-treated mothers were switched at birth (Fig-

ure 2A). As we have previously shown (Kim et al., 2017), MIA-

induced behavioral abnormalities, such as reduced social pref-

erence (measured by the three-chamber assay) and enhanced

repetitive behavior (measured by the marble-burying test),

were not influenced by cross-fostering; offspring born to MIA

dams but cross-fostered to PBS dams (MIAo-PBSd) still pre-

sentedwith sociability deficits and enhancedmarble-burying be-

haviors, while offspring born to PBS dams cross-fostered to MIA

dams (PBSo-MIAd) did not display these behavioral abnormal-

ities (Figures 2B–2D). In contrast, inflammatory phenotypes

induced by C. rodentium infection were dictated by the treat-

ment conditions of foster mothers; both PBS and MIA offspring

reared by MIA dams (PBSo-MIAd and MIAo-MIAd) exhibited

shortened length and exacerbated histopathology of the colons

when compared to PBS and MIA offspring reared by PBS dams

(PBSo-PBSd andMIAo-PBSd) (Figures 2E and 2F). Furthermore,

the percentage of colonic IL-17A and IFN-g-producing Th17

cells was significantly higher, while the percentage of FoxP3+

Tregs was reduced in offspring reared by MIA dams (Figure 2G).

Therefore, immune-primed phenotypes in MIA offspring are

likely acquired postnatally, and this is in contrast to their
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Figure 1. MIA offspring show increased susceptibility to bacteria-induced gut inflammation

(A) Seven- to eight-week-old offspring (PBS andMIA offspring) born to PBS- or poly(I:C)-injected dams at E12.5 were pre-treated withmetronidazole for four days

and then infected with 2 3 108 colony forming units (CFUs) of C. rodentium. All analyses were done ten days post-infection with C. rodentium.

(B) CFUs ofC. rodentiumwere counted from the feces of infected PBS andMIA offspring over the course of infection (day 0: n = 5, 5; day 3: n = 8, 6; day 6: n = 10,

8; day 9: n = 8, 6; day 10: n = 10, 14).

(C–E) Colon length (n = 13, 16) (C), H&E staining of the colons, and the associated histology scores (n = 21, 18) (D), and plasma cytokine concentrations by

cytometric bead array analyses (n = 14, 15) (E) of PBS and MIA offspring.

(F–I) The composition of colonic lamina propria T cells was analyzed by flow cytometry. Representative flow plots of IL-17A- and IFN-g-producing CD4+ T cells (F),

RORg+ IL-17A-producing CD4+ T cells (G), FoxP3+ regulatory T cells (H), and their quantifications (n = 12, 18) (I). All flow plots were gated on live, CD45+, TCRb+,

CD4+, CD8–, and CD19– cells.

Data are shown as the mean ± SEM. p values were calculated by two-way ANOVA followed by Sidak’s multiple comparison test (B) and Student’s t tests (C–I). All

data are combined from at least two independent experiments.

See Table S1 for detailed statistics. See also Figures S1–S3.
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behavioral abnormalities, which are determined prenatally (Fig-

ures 2B–2D; Kim et al., 2017).

Maternal gut microbiota are sufficient to produce long-
lasting, immune-primed phenotypes in offspring
We next sought to identify maternal factors that can postnatally

drive the immune-primed phenotypes in MIA offspring. Maternal

microbiota have been appreciated as a critical contributor in
shaping the offspring’s immune system (De Ag€uero et al.,

2016; Gensollen et al., 2016). We therefore first asked if MIA in-

duces changes in the composition of gut bacteria in pregnant

dams. Stool samples collected from pregnant mice following

PBS or poly(I:C) injection were subjected to 16S ribosomal

RNA (rRNA) sequencing analyses. We found that alpha diversity

(Shannon diversity index, a measure of species richness and

evenness) was diminished in MIA dams compared to PBS
Immunity 55, 145–158, January 11, 2022 147
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Figure 2. The increased immune susceptibility of MIA offspring is postnatally determined

(A) PBS and MIA offspring were cross-fostered upon birth (postnatal day 0 [P0]). Seven- to eight-week-old offspring were used for behavioral tests, followed by

C. rodentium infection experiments, as described in Figure 1A.

(B and C) Percentage of interaction (B) and total distance moved (C) in the three-chamber sociability test of PBSo-PBSd, MIAo-PBSd, PBSo-MIAd, and MIAo-

MIAd offspring (n = 13, 14, 14, 14).

(D) Marble-burying index of PBSo-PBSd, MIAo-PBSd, PBSo-MIAd, and MIAo-MIAd offspring (n = 13, 14, 14, 14).

(E and F) Colon length (n = 9, 11, 11, 8) (E) and histology scores (n = 5, 9, 7, 7) (F).

(G) The composition of colonic lamina propria T cells was analyzed by flow cytometry. Quantifications of IL-17A-, IFN-g-, and IL-17A- and IFN-g-producing CD4+

T cells, RORg+ IL-17A-producing CD4+ T cells, and FoxP3+ regulatory T cells of PBSo-PBSd, MIAo-PBSd, PBSo-MIAd, and MIAo-MIAd offspring (n = 9, 11, 11,

8). All flow data were gated on live, CD45+, TCRb+, CD4+, CD8–, and CD19– cells.

Data are shown as the mean ± SEM. p values were calculated by two-way ANOVA followed by Sidak’s multiple comparisons test within groups (B) and Tukey’s

multiple comparison test (C–G). All data are combined from at least two independent experiments.

See Table S1 for detailed statistics.
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dams (Figure S4A). We also observed that beta diversity (Bray-

Curtis dissimilarity matrix, a statistic used to quantify the compo-

sitional dissimilarity) was substantially different between MIA

and PBS dams (Figure S4B).

To investigate the contributing roles of MIA-associated

changes in the maternal gut microbiota in producing the im-

mune-primed phenotypes of MIA offspring, stool samples

collected from PBS or MIA dams at E14.5 were transferred to

GF B6 female mice (PBS-ST [stool transferred] and MIA-ST

dams, respectively). The microbial composition of MIA-ST
148 Immunity 55, 145–158, January 11, 2022
dams displayed both a reduced alpha diversity (Figure S4C)

and a distinct beta diversity (Figure S4D) compared to those of

PBS-ST dams, mirroring the differences observed in the gut mi-

crobial communities of PBS versus MIA dams (Figures S4A and

S4B). PBS-ST and MIA-ST female mice were then crossed with

GF B6 male mice to produce offspring exposed to PBS- or MIA-

associated maternal microbiota from birth (PBS-ST or MIA-ST

offspring) (Figure 3A). Both PBS-ST and MIA-ST offspring did

not show MIA-associated behavioral abnormalities, such as

reduced sociability and enhanced repetitive behaviors (Figures
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Figure 3. Transfer of MIA-associated microbiota induces primed immune phenotypes in offspring

(A) Female B6 GF mice were colonized with fecal bacteria of stool samples collected at E14.5 from either PBS or MIA dams (PBS-ST [stool-transferred] and MIA-

ST, respectively) and a week later mated to male B6 GFmice. Offspring (PBS-ST offspring andMIA-ST offspring, respectively) from themating were subjected to

behavioral analyses followed by C. rodentium infection at seven to eight weeks of age.

(B and C) Percentage of interaction (B) and total distance moved (C) in the three-chamber sociability test of PBS-ST and MIA-ST offspring (n = 13, 11).

(D) Marble-burying index of PBS-ST and MIA-ST offspring (n = 13, 11).

(E) Colon length was measured ten days post-infection (n = 6 per group).

(F) The composition of colonic lamina propria T cells was analyzed by flow cytometry. Quantifications of IL-17A-, IFN-g-, and both IL-17A- and IFN-g-producing

CD4+ T cells, RORg+ IL-17A-producing CD4+ T cells, and FoxP3+ regulatory T cells (n = 8 per group).

(G) SFB-mono-colonized B6 females were injected with PBS or poly(I:C) at E12.5. Offspring (SFB-mono-PBS and SFB-mono-MIA offspring, respectively) were

subjected to behavioral analyses and followed by C. rodentium infection (1 3 106 CFUs) at seven to eight weeks of age.

(H and I) Percentage of interaction (H) and total distance moved (I) in the three-chamber sociability test of SFB-mono-PBS and SFB-mono-MIA offspring

(n = 20, 13).

(legend continued on next page)
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3B–3D). However, following C. rodentium infection, MIA-ST

offspring exhibited heightened inflammatory phenotypes

compared to PBS-ST, such as the shortened colon length (Fig-

ure 3E) and the increased proportion of IL-17A-producing

T cells (Figure 3F). The percentages of FoxP3+ Tregs in the colon

remained comparable between the two groups (Figure 3F). Of

note, we did not observe differences in the proportion of Th17

cells between MIA-ST and PBS-ST offspring at steady state.

(Figures S4E and S4F). We next tested if bacterial colonization

after weaning could similarly produce immune-primed

phenotypes. GF mice, colonized with the stools of pregnant

PBS and MIA dams upon weaning (PBS-ST-wean and MIA-

ST-wean), did not display immune-primed phenotypes following

C. rodentium infection (Figure S4G). These data suggest the ex-

istence of a developmental time frame in which MIA-associated

maternal microbiota can exert changes in the immune pheno-

types of their offspring.

To further examine the crucial role played by the maternal mi-

crobiota in establishing the offspring’s immune status, we next

injected PBS or poly(I:C) into B6 dams mono-colonized with

segmented filamentous bacteria (SFB-mono-PBS and SFB-

mono-MIA mice, respectively) (Figure 3G). SFB is a murine

commensal known to promote Th17 cell differentiation in the

small intestines (Ivanov et al., 2009), and its presence in pregnant

dams kept at a specific pathogen-free condition has previously

been shown to play a crucial role in the development of behav-

ioral abnormalities in MIA offspring (Kim et al., 2017; Lammert

et al., 2018). Consistent with these earlier findings, adult

offspring born to the SFB-mono-MIA dams displayed both so-

ciability deficits and enhanced marble-burying phenotypes (Fig-

ures 3H–3J). Unlike those born to conventionally reared dams

(Figures 1C and 1F–1I), however, SFB-mono-PBS and SFB-

mono-MIA offspring did not differ in the colon length or the per-

centages of IL-17A and IFN-g-producing T cells and FoxP3+

Tregs (Figures 3K and 3L). Therefore, SFB mono-colonization

of dams was able to support the generation of neurodevelop-

mental, but not immunological, phenotypes in offspring. These

data collectively support the idea that altered gut microbial com-

munity, rather than a single bacterial species capable of support-

ing a specific T cell response, in pregnant mice exposed to

inflammation is both sufficient and necessary for the emergence

of long-lasting, immune-primed phenotypes in MIA offspring.

MIA CD4+ T cells are preferentially differentiated and
activated into inflammatory effector T cells
We next probed for cell-intrinsic capacities of CD4+ T cells from

MIA offspring in inducing immune-primed phenotypes. We iso-

lated CD45RBhigh naive CD4+ T cells (CD4+, TCRb+, CD45RBhigh,

CD44low, CD62Lhigh, CD25low) from the spleens and lymph no-

des (LNs) of MIA or PBS offspring (MIA-CD4+ and PBS-CD4+
(J) Marble-burying index of SFB-mono-PBS and SFB-mono-MIA offspring (n = 1

(K) Colon length was measured ten days post-infection (n = 13, 7).

(L) The composition of colonic lamina propria T cells was analyzed by flow cytom

CD4+ T cells, RORg+ IL-17A-producing CD4+ T cells, and FoxP3+ regulatory T ce

CD19– cells.

Data are shown as the mean ± SEM. p values were calculated by two-way ANO

Student’s t tests (C–F and I–L). All data are combined from at least two independ

See Table S1 for detailed statistics. See also Figure S4.
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T cells, respectively) and adoptively transferred them into immu-

nocompromised RAG1-deficient mice. These mice provide a

lymphopenic condition for transferred naive CD4+ T cells to pro-

liferate in response to gut-associated bacterial antigens and

cause inflammation in the intestines (Powrie et al., 1993). To

uncover the immune-primed nature of MIA-CD4+ T cells, we

transferred a relatively small number of T cells to recipient

mice (Figure 4A). In this experimental condition, RAG1-deficient

mice that received naive MIA-CD4+ T cells lost weight, while the

control PBS-CD4+ group steadily, albeit modestly, gained

weight during the five weeks post transfer (Figure 4B). Six weeks

after the transfer, mice with MIA-CD4+ T cells had shorter colons

(Figure 4C) and displayed lymphocytic colitis signatures (Fig-

ure 4D). Additionally, a higher percentage of MIA-CD4+ T cells

were found to differentiate into Th17 cells compared to the

PBS-CD4+ T cells in the mesenteric LNs (MLNs) of the recipient

mice (Figure S5A). We next performed T cell transfer experi-

ments with naive CD4+ T cells, isolated from cross-fostered

PBS and MIA offspring (PBSo-MIAd and MIAo-PBSd, respec-

tively) (Figure 2A) or from PBS-ST and MIA-ST offspring of

stool-transferred GF dams (Figure 3A). Consistent with the re-

sults obtained from the CD4+ T cells of MIA offspring (Fig-

ure S5A), higher percentages of transferred CD4+ T cells from

PBSo-MIAd and MIA-ST offspring produced IL-17A in RAG1-

deficient mice compared to those from MIAo-PBSd and

PBS-ST offspring, respectively (Figures S5B and S5C). Thus,

MIA-induced changes in the maternal microbial community

primed CD4+ T cells in offspring for the higher production of IL-

17A when exposed to a lymphopenic condition.

To assess transcriptomic changes associated with the primed

immune status of MIA offspring, CD4+ T cells isolated from con-

genically marked PBS and MIA offspring were transferred at a

1-to-1 ratio into the same RAG1-deficient mice. Four weeks after

the transfer, transferred T cells were sorted from the MLNs of the

recipient mice for bulk RNA sequencing (RNA-seq) (Figure 4E).

RNA-seq and Gene Ontology (GO) analyses revealed increased

expression of genes involved in T cell activation as well as T cell

receptor signaling in MIA-CD4+ T cells, including Zbtb7a (zinc

finger and BTB domain-containing 7a), Ifngr2 (interferon-gamma

receptor 2), Fcgr3 (Fc fragment of immunoglobulin G [IgG] recep-

tor IIIa), Syk (spleen-associated tyrosine kinase), Pik3r6 (phos-

phoinositide-3-kinase regulatory subunit 6), and Tbx21 (T-box

transcription factor 21) (Figures 4F and 4G). Furthermore, the

gene set enrichment analysis (GSEA) similarly indicated that

MIA-CD4+ T cells are transcriptionally more poised to support

MAPK activity, IL6-JAK-STAT3 signaling, and Th17 cell differenti-

ation (Figures 4H and 4I). These data, taken together, suggest that

CD4+ T cells of MIA offspring are primed to express genes

involved in T cell activation and T cell receptor signaling pathways

upon exposure to a lymphopenic condition.
5, 13).

etry. Quantifications of IL-17A-, IFN-g-, and both IL-17A- and IFN-g-producing

lls (n = 13, 7). All flow data were gated on live, CD45+, TCRb+, CD4+, CD8–, and

VA followed by Sidak’s multiple comparisons test within group (B and H) and

ent experiments.
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Figure 4. CD4+ T cells of MIA offspring display enhanced inflammatory phenotypes in vivo

(A) Naive CD4+ T cells (CD4+, TCRb+, CD45RBhigh, CD44low, CD62Lhigh, and CD25low) were isolated from the spleens and the lymph nodes of PBS and MIA

offspring at 4 weeks of age, and 5 3 105 cells were transferred to RAG1-deficient mice.

(B) Body weight changes were monitored for five weeks (n = 15 per group).

(C and D) Measurement of the colon length (n = 8 per group) (C) and histological analysis with H&E staining (n = 3, 5) (D) were performed six weeks after the

transfer.

(E) Naive CD4+ T cells were isolated from four-week-old CD45.1 PBS and CD45.2 MIA offspring. PBS and MIA naive CD4+ T cells were mixed in a 1:1 ratio and

transferred into RAG1-deficient mice. Four weeks after transfer, transferred cells were retrieved, sorted by congenic markers, and analyzed by RNA sequencing.

(F) Volcano plot displaying log2 fold change (FC) versus p value for each gene. Genes considered significant (p < 0.01 and log2FC > 1) are labeled in orange, and

selected genes involved in T cell activation and MAPK activity are labeled in blue.

(G) Graph showing the key GO terms that were enriched in the differentially expressed genes between PBS versus MIA CD4+ T cells.

(H) GSEA analysis demonstrating significant enrichment of gene sets associated with MAPK activity, IL6-JAK-STAT3 signaling, and Th17 cell differentiation.

(I) Expression heatmap presenting genes highly expressed in the selected GSEA pathways.

Data are shown as the mean ± SEM. p values were calculated by two-way ANOVA followed by Bonferroni multiple comparisons test (B) and Student’s t test

(C and D).

See Table S1 for detailed statistics. See also Figure S5.
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MIA CD4+ T cells are preferentially programmed to
become inflammatory effector T cells
We next asked if the transcriptionally primed status of the MIA

offspring’s CD4+ T cells are similarly reflected in their chromatin

structures by performing an assay for transposase-accessible

chromatin with high-throughput sequencing (ATAC-seq) (Fig-

ure 5A). Naive CD4+ T cells from PBS and MIA offspring showed

distinct chromatin accessibility; 101 ATAC peaks were uniquely

found in PBS-CD4+ T cells, while 1,532 peaks were distinctively

present in MIA-CD4+ T cells (Figures 5B and 5C; fold changes >

1.5, false discovery rate [FDR] < 0.05). The open peaks uniquely

found in MIA-CD4+ T cells were enriched for functional clusters

associated with the regulation of adaptive immune responses,

epigenetic regulation, and regulation of kinase activity (Fig-

ure 5D). For example, the open peaks were of genes involved

in T effector cell differentiation and activation, such as Il6ra

(IL-6 receptor subunit alpha) (Harbour et al., 2020) and Zbtb7a

(Carpenter et al., 2012). ATAC-seq also identified genes involved

in chromatin remodeling, such as Brd4 (bromodomain protein 4)

(Devaiah et al., 2016),Smarcd2 (SWI/SNF-relatedmatrix-associ-

ated actin-dependent regulator of chromatin subfamily D mem-

ber 2) (Witzel et al., 2017), and Map4k2 (mitogen-activated

kinase kinase kinase kinase 2) (Chuang et al., 2016), which is a

member of the MAP4 kinase family associated with the regula-

tion of T cell activity (Figure 5E). Accordingly, mRNA expression

of these genes was elevated, albeit modestly, in MIA-CD4+

T cells (Figure 5F).

We observed that altered chromatin accessibility was also

present in naive CD4+ T cells of offspring born toMIA-stool trans-

ferred dams (MIA-ST offspring) (Figure 3A). ATAC-seq revealed

84 and 483 peaks uniquely found in PBS-ST’s and MIA-ST’s

CD4+ T cells, respectively (Figures S6A and S6B). Consistent

with the ATAC-seq profiles observed in naive CD4+ T cells of

MIA offspring (Figure 5D), the ATAC-seq peaks that were differ-

entially present in MIA-ST’s CD4+ T cells were enriched for those

genes involved in the regulation of kinase activity and T cell acti-

vation (Figure S6C). These data, taken together, suggest that

exposure to MIA-associated changes in maternal gut microbiota

leads to changes in the chromatin landscape of naive CD4+

T cells in offspring to allow for their primed immune responses.

Maternally induced IL-17A is critical for immune
susceptibility in offspring
We next examined the contributing roles of maternal IL-17A in

promoting immune-primed phenotypes in MIA offspring. Previ-

ously, we found that MIA resulted in an increase in the plasma

concentrations of IL-17A in pregnant mothers, and this increase

was causal to the emergence of behavioral and neurological ab-

normalities observed in offspring (Choi et al., 2016). To test if

maternal IL-17A also plays a role in generating offspring’s im-

mune-primed phenotypes, we injected pregnant mothers with

IgG isotype control or anti-IL-17A blocking antibodies 5 h prior

to treating them with PBS or poly(I:C) at E12.5 (Figure 6A).

Offspring born to these mothers were then infected with

C. rodentium at seven to eight weeks of age. When tested ten

days after the infection, MIA offspring from poly(I:C)-injected

mothers pre-treated with IL-17A blocking antibodies (MIA anti-

IL-17A), but not with IgG isotype control antibodies (MIA iso-

type), showed comparable colon length to that of PBS offspring
152 Immunity 55, 145–158, January 11, 2022
(PBS isotype) (Figure 6B). The proportion of Th17 cells, IFN-g-

producing pathogenic Th17 cells as well as the population of

Tregs in MIA offspring frommothers treated with anti-IL-17A an-

tibodies, also remained comparable to those of PBS control

mice (PBS-isotype) (Figure 6C), indicating that maternal IL-17A

plays a crucial role in mediating the exacerbated gut as well

as immunological phenotypes seen in MIA offspring upon

C. rodentium infection.

Next, we asked if the maternal microbiota’s role in enhancing

susceptibility to C. rodentium-induced colitis in MIA offspring

was dependent on maternal IL-17A. Stool samples collected

from PBS isotype, MIA isotype, or MIA anti-IL-17A antibody-

treated dams at E14.5 were introduced to GF B6 female mice.

The females were then crossedwith GFB6malemice to produce

offspring exposed to PBS isotype-, MIA isotype-, or MIA anti-IL-

17A-associatedmaternal microbiota from birth (PBS isotype-ST,

MIA isotype-ST, or MIA anti-IL-17A-ST offspring) (Figure 6D).

Following C. rodentium infection, MIA anti-IL-17A-ST offspring,

unlike in MIA isotype-ST offspring, exhibited neither the short-

ened colon length nor an enhanced IL-17A production (Figures

6E and 6F). These results indicate that the MIA-induced increase

ofmaternal IL-17A contributes to the primed immunological phe-

notypes observed in MIA offspring by altering the pregnant

dam’s gut microbiota community.

DISCUSSION

Earlier studies have reported that mouse offspring prenatally

exposed to maternal inflammation display GI dysfunctions

(Hsiao et al., 2013; Li et al., 2021). In addition, MIA offspring’s

immune cells have been shown to produce higher inflammatory

cytokines upon activation both in vitro and in vivo (Hsiao et al.,

2012; Reed et al., 2020). However, the causal driver of this

augmentation has remained elusive. Our study identified the un-

derlying mechanism by which in utero inflammation promotes

the development of immune-primed phenotypes in offspring, in

addition to the previously reported autism-like behavioral abnor-

malities (Choi et al., 2016; Malkova et al., 2012; Smith

et al., 2007).

Our data also showed that, although both the immune and

behavioral phenotypes observed in MIA offspring depended on

the same maternal cytokine IL-17A, the mechanisms by which

IL-17A transduces its effects into each of these phenotypes

are distinct. We showed that the immune-primed phenotype in

offspring was mediated through the IL-17A-induced changes

in maternal gut microbiota. We further showed that these

changes in maternal microbiota were sufficient to postnatally

produce inflammatory phenotypes, likely by causing changes

in the chromatin accessibility of offspring’s naive CD4+ T cells.

On the other hand, the behavioral abnormalities of MIA offspring

require the expression of the IL-17 receptor in the embryonic

brain and its activation during the prenatal period, as we previ-

ously reported (Kalish et al., 2021; Kim et al., 2017). Indeed, we

were able to uncouple the behavioral abnormalities from the im-

mune-primed phenotypes of MIA offspring by inducing MIA in

SFB-mono-colonized mice or by transferring gut microbiota

from MIA-exposed mothers into GF mice. Our data suggest

that blocking IL-17A activity in pregnant women, who are vulner-

able to inflammatory conditions during pregnancy, may be used
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Figure 5. MIA naive CD4+ T cells display distinct chromatin accessibility

(A) Naive CD4+ T cells were isolated from four-week-old PBS and MIA offspring and subjected to ATAC-seq analyses.

(B) Scatterplot represents the differences in chromatin accessibility between PBS and MIA naive CD4+ T cells. Orange dots indicate peaks that are more

accessible in MIA naive CD4+ T cells, and blue dots indicate those that are uniquely accessible in PBS naive CD4+ T cells (fold change > 1.5, FDR < 0.05).

(C) Heatmaps depicting differentially enriched ATAC-seq signals in MIA naive CD4+ T cells.

(D) GO terms that were enriched in the differential open chromatin regions (OCRs) of MIA naive CD4+ T cells compared to those of PBS offspring.

(E) Integrated genome viewer snapshots of representative genes involved in T cell differentiation, epigenetic regulation, and kinase activity. Genomic regions differ-

entially open in MIA naive CD4+ T cells are highlighted in yellow boxes. Two offspring from different littermates per group were used for naive CD4+ T cell isolation.

(F) Quantitative PCR (qPCR) analyses for those genes shown in (E) (n = 13, 14).

Data are shown as the mean ± SEM. p values were calculated by Student’s t test (F).

See Table S1 for detailed statistics. See also Figure S6.
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Figure 6. IL-17A-dependent changes in maternal gut microbiota promote inflammatory phenotypes in MIA offspring

(A) Poly(I:C)-injected dams were pre-treated either with isotype IgG or IL-17A blocking antibodies. Seven- to eight-week-old offspring (PBS isotype, MIA isotype,

and MIA anti-IL-17A offspring) born to these dams were infected with 2 3 108 CFUs of C. rodentium as described in Figure 1A.

(legend continued on next page)
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as therapeutic means to prevent the development of both neuro-

developmental and immunological disorders in offspring.

The coprophagic nature of rodents aids the vertical transmis-

sion of gut bacteria from pregnant mice to their offspring. Recent

studies in humans report that the fecal microbiota of human

pregnantmothers plays a critical role in shaping gut flora compo-

sition in newborn babies (Ferretti et al., 2018; Korpela et al.,

2020; Wang et al., 2020). These data suggest that alterations in

the gut microbiota of pregnant women who contract pathogens

may also influence the long-term inflammatory phenotypes of

their children through a similar mechanism that we described

in the current study. How might the community of maternal mi-

crobiota affect the epigenetic landscape of offspring’s T cells?

While few earlier studies offer mechanistic insights, a recent

work nicely illustrates that the early life colonization of intestinal

bacteria could affect T cell development in the thymus (Zegarra-

Ruiz et al., 2021). Maternally derived antibodies protect neo-

nates against pathogens (Harris et al., 2006; Zinkernagel,

2001), shape an infant’s microbial community (Gopalakrishna

et al., 2019; Rios et al., 2016), and contribute to the development

of RORg+ Tregs in offspring (Ramanan et al., 2020). During preg-

nancy, supplementation with probiotics, Lactobacillus rhamno-

sus or Bifidobacterium lactis, was shown to enhance immune-

protective components in breast milk and modulate the fetal im-

mune response (Prescott et al., 2008). The immune-associated

alteration in maternal microbiota may result in changes in the

composition of metabolites such as short-chain fatty acids

(Koh et al., 2016) in breast milk, hence indirectly influencing im-

mune responses in the affected offspring (Ganal-Vonarburg

et al., 2020).

Overall, our study provided insight into how environmental

stimuli, such as prenatal exposure to maternal inflammation,

could dysregulate the offspring’s immune system and render

it more vulnerable to inflammatory challenges later in life.

More specifically, it offered important insights into the occur-

rence of inflammatory dysfunctions that often accompany neu-

rodevelopmental disorders. For example, our work suggested

that a subset of individuals with ASD who manifest enhanced

inflammatory phenotypes (Chaidez et al., 2014; Doshi-Velez

et al., 2015; Kohane et al., 2012) might have been exposed to

heightened inflammation in the maternal womb. Understanding

the intricate interactions between the maternal gut and the off-

spring’s neurodevelopment and immune system development

will help us to better cope with the long-lasting effects of viral

infections during pregnancy, including those of the current

COVID-19 pandemic.
(B) Colon length was measured ten days following the infection (n = 10, 10, 17).

(C) Ten days after C. rodentium infection, the composition of colonic lamina prop

and both IL-17A- and IFN-g-producing CD4+ T cells, RORg+ IL-17A-producing C

(D) Female B6 GFmice were colonized with fecal bacteria of PBS isotype, MIA iso

GF mice. Offspring from the mating were infected with 2 3 108 CFUs of C. rode

(E) Colon length (n = 9, 9, 7) was measured ten days following the infection.

(F) Ten days afterC. rodentium infection, the composition of colonic lamina propria

both IL-17A- and IFN-g-producing CD4+ T cells, RORg+ IL-17A-producing CD4+ T

gated on live, CD45+, TCRb+, CD4+, CD8–, and CD19– cells.

Data are shown as the mean ± SEM. p values were calculated by one-way ANO

combined from at least two independent experiments.

See Table S1 for detailed statistics.
Limitations of the study
We performed our study using a mouse model in which adminis-

tration of a double-stranded RNA induced inflammation during

pregnancy. Therefore, it is unknown whether our findings can

be generalized to other preclinical models for neurodevelopmen-

tal disorders that rely on different immune stimuli or genetic

perturbations. Future studies are also needed to elucidatemech-

anisms by which changes in maternal gut microbiota affect the

chromatin accessibility of offspring’s CD4+ T cells. Lastly,

whether exposure to prenatal inflammation such as viral infec-

tion induces long-lasting immunological phenotypes in humans

remains to be examined.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD45 (Clone ID 30-F11) APC-Cy7 BD Biosciences Cat# 557659; RRID: AB_396774

anti-mouse CD4 (Clone ID RM4-5) BV421 BioLegend Cat# 100544; RRID: AB_11219790

anti-mouse CD4 (Clone ID RM4-5) BB700 BD Biosciences Cat# 566407; RRID: AB_2744427

anti-mouse CD4 (Clone ID RM4-5) A700 Thermo Fisher Scientific Cat# 56-0042-82; RRID: AB_494000

anti-mouse TCRb (Clone ID H57-597) A700 BioLegend Cat# 109224; RRID: AB_1027648

anti-mouse TCRb (Clone ID H57-597) BV605 BioLegend Cat# 109241; RRID: AB_2629563

anti-mouse CD8a (Clone ID 53-6.7) BV605 BioLegend Cat# 100744; RRID: AB_2562609

anti-mouse CD8a (Clone ID 53-6.7) PerCP-Cy5.5 Thermo Fisher Scientific Cat# 45-0081-82; RRID: AB_1107004

anti-mouse CD19 (Clone ID 6D5) BV605 BioLegend Cat# 115540; RRID: AB_2563067

anti-mouse CD19 (Clone ID 1D3) PerCP-Cy5.5 Thermo Fisher Scientific Cat# 45-0193-82; RRID: AB_1106999

anti-mouse IL-17A (Clone ID eBio17B7) PE-Cy7 Thermo Fisher Scientific Cat# 25-7177-82; RRID: AB_10732356

anti-mouse IL-17A (Clone ID TC11-18H10.1) A488 BioLegend Cat# 506910; RRID: AB_536012

anti-mouse IFN-g (Clone ID XMG1.2) BV421 BioLegend Cat# 505830; RRID: AB_2563105

anti-mouse RORgt (Clone ID B2D) APC Thermo Fisher Scientific Cat# 17-6981-82; RRID: AB_2573254

anti-mouse RORgt (Clone ID B2D) PE Thermo Fisher Scientific Cat# 12-6981-82; RRID: AB_10807092

anti-mouse FoxP3 (Clone ID FJK-16s) FITC Thermo Fisher Scientific Cat# 11-5773-82; RRID: AB_465243

anti-mouse FoxP3 (Clone ID FJK-16s) PE Thermo Fisher Scientific Cat# 12-5773-82; RRID: AB_465936

anti-mouse FoxP3 (Clone ID FJK-16s) APC Thermo Fisher Scientific Cat# 17-5773-82; RRID: AB_469457

anti-mouse CD62L (Clone ID MEL-14) FITC Thermo Fisher Scientific Cat# 11-0621-85; RRID: AB_465110

anti-mouse CD44 (Clone ID IM7) APC Thermo Fisher Scientific Cat# 17-0441-83; RRID: AB_469391

anti-mouse CD25 (Clone ID PC61.5) PE-Cy7 Thermo Fisher Scientific Cat# 25-0251-82; RRID: AB_469608

anti-mouse CD45RB (Clone ID 16A) PE BD Biosciences Cat# 553101; RRID: AB_394627

IL-17A-blocking antibody (Clone ID 50104) R&D systems Cat# MAB421; RRID: AB_2125018

Isotype control antibody (Clone ID 54447) R&D systems Cat# MAB006; RRID: AB_357349

Purified anti-mouse CD3e (Clone ID 145-2V11) Tonbo Biosciences Cat# 70-0031; RRID: AB_2621472

Bacterial and virus strains

Citrobacter rodentium (Strain: DBS100) ATCC Cat# 51459

Chemicals, peptides, and recombinant proteins

Poly(I:C) potassium salt Sigma Aldrich Cat# P9582

Poly(I:C) sodium salt Sigma Aldrich Cat# P1530

Liberase-TM research grade Millipore Sigma Cat# 5401127011

DNase I Millipore Sigma Cat# 10104159001

PMA Sigma Aldrich Cat# P1585

Ionomycin Sigma Aldrich Cat# I0634

Golgiplug BD Biosciences Cat# 555029

Metronidazole Sigma Aldrich Cat# 1442009

MacConkey Agar Fisher Scientific Cat# B11387

DSS TdB labs Cat# 9011-18-1

DTT Millipore Sigma Cat# 10708984001

EDTA 0.5M pH 8.0 Corning Cat# 46-034-Cl

FBS Hyclone Cat# SH30910.03

FBS Corning Cat# 35-010-CV

Percoll Sigma Aldrich Cat# GE17-0891-01

(Continued on next page)
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Bouin’s fixative Electron Microscopy Science Cat# 15990-01

TCL buffer QIAGEN Cat# 1031576

Critical commercial assays

Mouse IL-17A enhanced sensitivity flex set BD Biosciences Cat# 562261

Mouse IFN-g enhanced sensitivity flex set BD Biosciences Cat# 562233

Mouse TNF enhanced sensitivity flex set BD Biosciences Cat# 562336

Mouse IL-6 enhanced sensitivity flex set BD Biosciences Cat# 562236

Hooke Kit MOG35-55/CFA Emulsion PTX Hooke Laboratories Cat# EK-2110

RNeasy micro kit QIAGEN Cat# 74004

iScript reverse transcription kit Bio-Rad Cat# 1708891

iTaq SYBR green mix Bio-Rad Cat# 1725125

Nextera XT DNA Library preparation kit Illumina Cat# FC-131-1096

Illumina Tagment DNA Enzyme and Buffer Kit Illumina Cat# 15027865, Cat# 15027866

MinElute PCR Purification Kit QIAGEN Cat# 28004

PCR purification kit, AMPure XP Beckman Coulter Cat# A63880

eBioscience Foxp3/ Transcription Factor

Staining Buffer Kit

Thermo Fisher Scientific Cat# 00-5523-00

LIVE/DEAD Fixable Aqua Dead Cell stain kit Thermo Fisher Scientific Cat# L34966

Deposited data

16S rRNA sequencing This paper Accession# PRJNA694443

ATAC-seq This paper Accession# GSE165692

RNA-seq This paper Accession# GSE165693

Experimental models: Organisms/strains

C57BL/6 specific pathogen-free mice Taconic Cat# B6 (C57BL/6NTac)

C57BL/6 Germ-free mice Charles River (maintained in

GF isolators at Harvard Medical

School)

Cat# C57BL/6NCrl

RAG1-deficient mice Jackson Laboratory Cat# 002216

CD45.1 B6.SJL congenic mice Taconic Cat# 4007 (B6.SJL-Ptprca/BoyAiTac)

IL-17A-GFP reporter mice Jackson Laboratory Cat# 018472

Oligonucleotides

16S rRNA sequencing V3 and V4 amplicon

primers Forward: 50-TCGTCGGCAGCGTCA

GATGTGTATAAGAGACAGCCTACGGGNG

GCWGCAG-30, Reverse: 50- GTCTCGTGGG

CTCGGAGATGTGTATAAGAGACAGGACTA

CHVGGGTATCTAATCC-30

Klindworth et al., 2013 N/A

16S Universal primers Forward: 50-ACTCCT
ACGGGAGGCAGCAGT-30, Reverse: 50- ATT
ACCGCGGCTGCTGGC-30

This paper N/A

espB primers Forward: 50-ATGCCGCAGAT

GAGACAGTTG-30, Reverse: 50- CGTCAGC

AGCTTTTCAGCTA-30

Sagaidak et al., 2016 N/A

Mouse Gapdh qPCR primers Forward:

50- CATCACTGCCACCCAGAAGACTG-30,
Reverse: 50- ATGCCAGTGAGCTTCCCGTTCAG-30

Origene Cat# MP205604

Mouse Brd4 qPCR primers Forward:

50- GCCATCTACACTACGAGAGTTGG-30,
Reverse: 50- ATTCGCTGGTGCTCTCCGACTC-30

Origene Cat# MP201449

Mouse Il6ra qPCR primers Forward:

50- TGCAGTTCCAGCTTCGATACCG-30,
Reverse: 50- TGCTTCACTCCTCGCAAGGCAT-30

Origene Cat# MP206799

(Continued on next page)
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Mouse Map4k2 qPCR primers Forward:

50- GGCTACTCTGAAGCAACAGGAG-30,
Reverse: 50- GCAGCCATTGAAGACCTTGGAG-30

Origene Cat# MP208352

Mouse Smarcd2 qPCR primers Forward:

50- CTTTCGAGAGGAAGCTGGACCA-30,
Reverse: 50- GTTCCCGCATTATCTCCATCCG-30

Origene Cat# MP220661

Mouse Zbtb7a qPCR primers Forward:

50- TGCGAGAAGGTGATTCAGGGTG-30,
Reverse: 50- TTCCGCATGTGCACCTTCAGCT-30

Origene Cat# MP218697

Software and algorithms

EthoVision XT 14 Noldus https://www.noldus.com

Multiplot studio v1.5.20 Genepattern Archive http://gparc.org

R v4.0.5 R foundation for statistical

computing

https://cran.r-project.org

FlowJo 10 BD https://www.flowjo.com

Prism 9 GraphPad https://www.graphpad.com

QIIME2 v2020.02 Bolyen et al., 2019 https://qiime2.org

Dada2 Callahan et al., 2016 https://benjjneb.github.io/dada2

NGmerge Gaspar, 2018a https://github.com/jsh58/NGmerge

Bowtie2 v2.3.4.3 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

Picard v2.8.0 N/A https://broadinstitute.github.io/picard/

removeChrom.py N/A https://github.com/harvardinformatics/

ATAC-seq/blob/master/atacseq/

removeChrom.py

Samtools v1.9 N/A http://www.htslib.org

MACS peak caller v2.1.1.20160309 Gaspar, 2018b https://pypi.org/project/MACS2/

2.1.1.20160309/

ChIPseeker v1.24.0 N/A https://bioconductor.org/packages/

release/bioc/html/ChIPseeker.html

Deeptools2 Ramı́rez et al., 2016 https://github.com/deeptools/deepTools

clusterProfiler v3.16.0 Yu et al., 2012 https://guangchuangyu.github.io/software/

clusterProfiler/
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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, Jun R. Huh

(jun_huh@hms.harvard.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The RNA-seq, ATAC-seq and 16S rRNA sequencing data have been deposited at NCBI Sequence Read Archive and Gene

Expression Omnibus and are publicly available as of the date of publication. Accession numbers are listed in the key resource

table.

d This paper does not report original code.

d 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

Mice
All animals were housed in an individually ventilated cage system (Tecniplast), a specific pathogen-free facility maintained at 20–22�C
and 40%–55% humidity and under a 12-h light/12-h dark cycle. All experiments were conducted in accordance with procedures
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approved by the Institutional Animal Care and Use Committee of Harvard University. All wild-type (WT) conventional C57BL/6 mice

were purchased from Taconic Biosciences IBU21 (USA). GF C57BL/6 mice were purchased from Charles River Laboratories and

maintained in GF isolators at Harvard Medical School. For immunological analyses, including EAE and colitis experiments, 4–9-

week-old male and female mice were used. For time-mating and behavioral tests, 8–20-weeks old male and female mice were used.

METHOD DETAILS

Maternal immune activation
C57BL/6malemiceweremated overnight with 8–12-week-old C57BL/6 females carrying amouse commensal SFB (Kim et al., 2017).

At E12.5, pregnant mice were weighed and injected with a single dose (20 mg per kg, intraperitoneal injection) of poly(I:C) (P9582 or

P1530, Sigma Aldrich) or phosphate-buffered saline (PBS). Each dam was returned to its home cage and left undisturbed until the

birth of her litter. All pups remained with themother until weaning on postnatal days 21–28, at which timemice were group-housed at

a maximum of five per cage with the same-sex littermates. SFB-mono-PBS and SFB-mono-MIA offspring were born inside the flex-

ible film isolators and raised by SFB-mono-colonized pregnant dams injected with PBS or poly(I:C). For the behavioral assays and

C. rodentium infection experiments, the mice were moved to the Tecniplast isocage system. For the IL-17 cytokine blockade exper-

iment, a monoclonal IL-17A-blocking antibody (clone 50104, R&D) or an isotype control antibody (IgG2a, clone 54447, R&D) was

intraperitoneally injected (500 mg per animal) 5 h prior to PBS or poly(I:C) administration (Choi et al., 2016).

Citrobacter rodentium infection
Seven to nine-week-old mice were orally gavagedwith 200 mL of 1mg/ml metronidazole for 4 days before infection withC. rodentium

(Wlodarska et al., 2011). On the day of infection, 2 3 108 CFUs of C. rodentium (DBS 100) resuspended in 100 mL PBS were orally

administered to mice. Germ-free mice were infected with 1 3 106 CFUs of C. rodentium. Bacterial CFUs were counted by dilution

plating on MacConkey agar (Koroleva et al., 2015). Additionally, qPCR was used for measuring espB, a C. rodentium-encoded

gene (Sagaidak et al., 2016). Bacterial genomic DNA was isolated from the fecal pellets of mice with phenol-chloroform extraction.

Undetected qPCR values from non-colonized samples were replaced with a Ct value of 40 for comparison, and espBCq values were

normalized with universal 16S Cq values. Primer sequences are provided in the Key resources table.

Cytometric bead array
Plasma concentrations of IL-6, IFN-g, TNF, and IL-17Aweremeasured by enhanced sensitivity cytometric bead array kit according to

the manufacturer’s protocol (BD Biosciences).

Isolation of lamina propria lymphocytes
Colon tissues were collected and incubated with 1 mM dithiothreitol (DTT), 1 mM ethylenediaminetetraacetic acid (EDTA), and 2%

fetal bovine serum (FBS) in Hank’s Balanced Salt Solution (HBSS), at 37�C for 15 min with constant shaking to remove mucus and

epithelial cells. The remaining tissues were dissociated in digestion buffer (RPMI 1640 media, 62.5 mg/ml Liberase [Roche], 50 mg/ml

DNase I [Sigma Aldrich], and 2% FBS) with constant stirring at 37�C for 45 min. Mononuclear cells were collected at the interface of a

40%/80% Percoll gradient (GE Healthcare). Cells were then analyzed by flow cytometry.

Flow cytometry
Antibodies that were used for flow cytometry are listed in the Key resources table. Isolated immune cells from the mesenteric lymph

nodes and the intestines of mice were stimulated with 50 ng/ml of phorbol 12-myristate 13-acetate (PMA) (Sigma Aldrich) and 1 mM

ionomycin (Sigma Aldrich) in the presence of GolgiPlug (BD Biosciences) for 3 h to determine cytokine expression. After stimulation,

cells were stained with antibodies against cell-surface markers and the LIVE/DEAD fixable dye Aqua (Thermo Fisher Scientific) to

exclude dead cells, fixed and permeabilized with a FoxP3 transcription factor staining kit (eBioscience), and subsequently stained

with cytokine- and/or transcription factor-specific antibodies. All flow cytometry analyses were performed on an LSR II or Symphony

flow cytometer (BD), and data were analyzed with FlowJo software (BD).

Tissue histology
For assessing colon histopathology, dissected colon tissues were fixed in Bouin’s fixative (Electron Microscopy Science). Hematox-

ylin and eosin (H & E) staining and disease scoring were performed by the Rodent Histopathology Core at Harvard Medical School. In

brief, representative longitudinal sections of the distal colon were stained with hematoxylin and eosin and graded using a scheme

based on that described byMaloy et al. (2003). Each sample was scored semiquantitatively according to a grade scale of 0–3. Typical

grade features are: 0 = normal; 1 =mild epithelial hyperplasia and inflammatory infiltrates; 2 = pronounced hyperplasia and significant

inflammatory infiltrates; 3 = severe hyperplasia and infiltration with a significant decrease in goblet cells.

Dextran sodium sulfate-induced colitis
Mice were administered 2.5% DSS (approximately 40 kDa; TdB Labs) in their drinking water for seven days and then changed to

regular water. Weight loss was monitored daily. Colon length and histology were analyzed at day fourteen post-treatment.
e4 Immunity 55, 145–158.e1–e7, January 11, 2022
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Experimental autoimmune encephalomyelitis model
Twelve-week-old PBS andMIA female offspring were subjected to EAE induction using MOG35-55 and complete Freund’s adjuvant

(CFA) emersion pertussis toxin (PTX) kit (Hooke Laboratories). 80 ng of PTX was used for this particular experiment. EAE clinical

symptoms were scored according to the manufacturer’s scoring guidelines.

Anti-CD3 induced inflammation
IL-17A-GFP heterozygote PBS andMIA offspringwere generated by crossing IL-17A-GFP homozygousmales with C57BL/6 females

carrying SFB. Five-to-six-week-old offspring born from this mating were injected with anti-CD3 (20 mg per mouse). Body weight

change was monitored every day. Three days later, mice were euthanized, and �6 cm of proximal small intestines were harvested

for lamina propria immune cell analysis (Esplugues et al., 2011).

Three-chamber social approach assay
Seven to eight-week-old male mice were tested for social behavior using a three-chamber assay. A day before the test, experimental

mice were introduced into a three-chamber arena (50 cm x 35 cm x 30 cm) with two empty containment cages (circular metallic ca-

ges, Stoelting Neuroscience) for a 10 min acclimation phase. The following day, the mice underwent a 5 min exploration period with

empty containment cages. Immediately after, the mice were confined to the center chamber, while a social object (unfamiliar C57BL/

6 male mouse) and an inanimate object (a similar-sized rubber object to the social object) were placed in each containment cage.

Barriers to the adjacent chambers were removed, and the experimental mice were given 10 min to explore both chambers and

measured for approach behavior as interaction time (i.e., sniffing, approach) with targets in each chamber (within 2 cm). Sessions

were video-recorded, and object exploration time and total distancemoved were analyzed using the Noldus tracking system. Arenas

and contents were thoroughly cleaned between testing sessions. Multiple social targets from different home cages were used for

testing to prevent potential odorant confounds from target home cages.

Marble-burying test
Seven to eight-week-oldmalemicewere placed in a testing arena (arena size: 403 20 cm2, bedding depth: 3 cm) containing 20 glass

marbles, which were laid out in five rows of four marbles equidistant from one another. At the end of a 15min exploration period, mice

were gently removed from the testing cages, and the number of marbles buried under the bedding was recorded. A marble-burying

index was scored as 1 for marbles covered > 50% by bedding, 0.5 for around 50% covered, or 0 for anything less. The percentage of

buried marbles is plotted on the y axis.

Cross-fostering experiments
Cross-fostering was performedwithin 24 h after birth. The entire litter was removed from its birthmother and transferred into a cage in

which a foster dam was housed. Pups were raised by foster mothers until weaning on postnatal days 21–28.

Germ-free mouse colonization
For colonization of GF female mice with the fecal slurries from PBS or MIA pregnant dams, 100 mg of fecal samples were homog-

enized in 1 mL PBS using a 100 mm cell strainer and a 3 mL syringe plunger. 200 mL of supernatant (approximately equal to 20 mg of

fecal pellets) was introduced into individual GFmice using a 20G gavage needle (Cadence Science). Oneweek after the colonization,

the colonized females were mated with GF males in isocages.

Isolation of fecal bacterial microbiota and 16S rRNA gene sequencing analysis
Metagenomic 16S rRNA sequencing was performed by Omega Bioservices (Norcross, GA, USA). DNA of the mouse fecal pellets

was isolated using the Omega Mag-Bind Universal Pathogen kit. DNA concentration was measured by the QuantiFluor dsDNA

System on a Quantus Fluorometer (Promega). The samples were then normalized to 12.5 ng of input in 2.5 mL (5 ng/ml) and ampli-

fied using primers specific to the V3 and V4 regions: forward 50-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCC

TACGGGNGGCWGCAG-30, reverse 50- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-30.
The amplification was done using the KAPA HiFi HotStart ReadyMix (Kapa Biosystems). Residual primers were cleaned up using

Mag-Bind RxnPure Plus magnetic beads (Omega Bio-tek). Purified amplicons were then ligated with indexing adaptors and un-

derwent a second index PCR amplification. The libraries for each experimental group were normalized with Mag-Bind Equipure

Library Normalization Kit (Omega Bio-tek) and pooled. The pooled library of �600 bases in size was checked using an Agilent

2200 TapeStation and sequenced (2 3 300 bp paired-end read setting) on the MiSeq instrument (Illumina). FASTQ files were

used in subsequent analyses. Raw FASTQ sequences were then quality filtered and analyzed by QIIME2 version 2020.02 (Bolyen

et al., 2019) and Dada2 (Callahan et al., 2016). Operational taxonomic units were defined based on a sequence similarity threshold

of 97%. The phylogenetic affiliation of each operational taxonomic unit was aligned to the Greengenes reference database version

13_8 and 99% ID.

Adoptive transfer of CD45RBhigh CD4+ T cells
CD45RBhigh CD4+ T cell adoptive transfer was performed as previously described (Powrie et al., 1993). In brief, the spleens and the

lymph nodes (lateral axillary and inguinal) were dissected from 4-week-old offspring. CD4+ T cells were enriched with magnetic
Immunity 55, 145–158.e1–e7, January 11, 2022 e5
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microbeads (Miltenyi) according to the manufacturer’s protocol, stained with CD4, CD25, CD45RB, CD44, and CD62L antibodies

(Key resources table) and sorted for naive T cells (CD4+, TCRb+, CD45RBhigh, CD44low, CD62Lhigh, CD25low) by fluorescence-acti-

vated cell sorting (FACS). 53 105 sorted cells were adoptively transferred into individual RAG1-deficient recipient mice by intraper-

itoneal (i.p.) injection.

RNA extraction and quantitative real-time PCR
Naive T cells (50,000 cells) were sorted (CD4+, TCRb+, CD45RBhigh, CD44low, CD62Lhigh, CD25low), and RNA was extracted by

RNeasy micro kit (QIAGEN) following the manufacturer’s instructions. RNA concentration was quantified and normalized prior to

cDNA synthesis. cDNA was synthesized by reverse transcription (iScript, Bio-Rad), followed by qRT-PCR (LightCycler 96,

Roche Life Science) using SYBR green (iTaq universal SYBR, Bio-Rad). Primer sequences are provided in the Key re-

sources table.

RNA-seq experiments
RNA-seq was performed with the standard ImmGen low-input protocol. A total of 1,000 cells were sorted directly into 5 ml of

lysis buffer (TCL Buffer [QIAGEN] with 1% 2-Mercaptoethanol). Smart-seq2 libraries were prepared as previously described

(Picelli et al., 2014) with slight modifications. Briefly, total RNA was captured and purified on RNAClean XP beads (Beckman

Coulter). Polyadenylated mRNA was then selected using an anchored oligo(dT) primer and converted to cDNA via reverse tran-

scription. The first-strand cDNA was subjected to limited PCR amplification followed by Tn5 transposon-based fragmentation

using the Nextera XT DNA Library Preparation Kit (Illumina). Samples were then PCR amplified for 18 cycles using barcoded

primers such that each sample carries a specific combination of eight base Illumina P5 and P7 barcodes for subsequent pooling

and sequencing. Paired-end sequencing was performed on an Illumina NextSeq 500 using 2 3 25 bp reads. Reads were aligned

to the mouse genome, Gencode GRCm38 primary assembly. Transcripts were quantified by the Broad Technology labs compu-

tational pipeline with Cuffquant version 2.2.1 (Trapnell et al., 2012). Raw sequencing read counts were normalized by the me-

dian of ratios method with the DESeq2 package (Love et al., 2014) from Bioconductor then converted to GCT and CLS format

(https://www.genepattern.org/file-formats-guide). Normalized reads were further filtered by minimal expression and analyzed by

Multiplot Studio in the GenePattern software package (https://www.genepattern.org/modules/docs/Multiplot/2). Gene ontology

analysis and gene set enrichment analysis (Subramanian et al., 2005) were performed by clusterProfiler (v.3.16.0)

(Yu et al., 2012).

ATAC-seq experiments
Standard ATAC-seq was performed according to a published protocol (Buenrostro et al., 2013). In brief, we sorted 50,000 naive

CD4+ T cells in a 1.5 mL LoBind microcentrifuge tube (Eppendorf), centrifuged the sorted cells at 500 3 g for 5 min at 4�C, and
then removed the supernatant without disrupting the cell pellet. The cells were washed once with 50 mL of cold PBS buffer and

centrifuged at 500 3 g for 5 min at 4�C, followed by supernatant removal. Cells were lysed using 50 ml chilled lysis buffer (10 mM

Tris-HCl, pH 7.5, 10 mM NaCl, 3 mM MgCl2, 0.1% NP-40, 0.1% Tween-20, and 0.01% digitonin). After incubating 3 min on ice,

1 mL wash buffer (10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 3 mM MgCl2, and 0.1% Tween-20) was added and centrifuged 5 min

at 500 3 g, 4�C. After discarding the supernatant, the pellet was resuspended in the transposase reaction mix (25 mL 2 3 TD

buffer, 2.5 mL transposase [Illumina], 16.5 mL PBS, 0.1% Tween-20, 0.01% digitonin, and 5 mL nuclease-free water). The trans-

position reaction was carried out for 30 min at 37�C. Directly following transposition, the sample was purified using a QIAGEN

MinElute kit. Following purification, we amplified library fragments using 1 3 NEBnext PCR master mix and 1.25 mM of custom

Nextera PCR primers under the following PCR conditions: 72�C for 5 min; 98�C for 30 s; and thermocycling at 98�C for 10 s,

63�C for 30 s, and 72�C for 1 min. The amplification cycle was determined based on the amplification curve on qPCR. Primer

dimers were removed by AMPure XP beads selection (Beckman Coulter). After determining the quality on an Agilent High-

Sensitivity DNA Bioanalysis chip, the library was loaded onto an Illumina NextSeq 500 sequencer for 75 bp paired-end

sequencing, aiming for 5 3 106 reads per sample.

The basecall files were demultiplexed through the BioPolymer Facility’s pipeline, and the resulting FASTQ files were used in sub-

sequent analyses. Raw FASTQ files were processed following ATAC-seq Guidelines published from the Harvard Faculty of Arts

and Sciences Informatics Core. In brief, after the removal of adaptors by NGmerge (Gaspar, 2018a), sequencing reads were

aligned to the Mus musculus 10 (mm10, downloaded from ENSEMBL) using Bowtie2 (v2.3.4.3) (Langmead and Salzberg,

2012). PCR duplicates were removed using Picard (v2.8.0). Reads mapped to mitochondrial DNA were excluded by remove-

Chrom.py, and non-uniquely mapped reads were also removed using a mapping quality score < 10 on samtools (v1.9). Peaks

were identified using the MACS peak caller (v2.1.1.20160309) (Gaspar, 2018b). Differential accessibility was performed with

ATAC-seq counts from PBS and MIA biological replicates using a quasi-likelihood F-test employed by the glmQLFit and

glmQLFTest functions (Robinson et al., 2010). ATAC-seq open chromatin regions with a minimum fold change of 1.5 and

FDR < 0.05 were considered significant. ChIPseeker (v1.24.0) was used to annotate the peaks. ATAC-seq heatmaps and aggre-

gated plots were generated using deeptools2 (Ramı́rez et al., 2016). Gene ontology analysis was performed by clusterProfiler

(v.3.16.0) (Yu et al., 2012).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with Prism v.9.0.0 (GraphPad). For two-group comparisons, the statistical significance was

determined by unpaired Student’s t test. For three or more group comparisons, the statistical significance was determined by

one-way ANOVA. For multi-factor comparison, the statistical significance was determined by two-way ANOVA. All the statistical

parameters of experiments can be found in each figure legend and Table S1. Each data point denotes individual animals. Error

bars represent ± standard error of the mean (SEM).
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