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SUMMARY

Early-life antibiotic exposure perturbs the intestinal microbiota and accelerates type 1 diabetes 

(T1D) development in the NOD mouse model. Here we found that maternal cecal microbiota 

transfer (CMT) to NOD mice after early-life antibiotic perturbation largely rescued the induced 

T1D enhancement. Restoration of the intestinal microbiome was significant and persistent, 

remediating the antibiotic-depleted diversity, relative abundance of particular taxa, and metabolic 

pathways. CMT also protected against perturbed metabolites and normalized innate and adaptive 

immune effectors. CMT restored major patterns of ileal microRNA and histone regulation of gene 

expression. Further experiments suggest a gut microbiota-regulated T1D protection mechanism 

centered on Reg3γ, in an innate intestinal immune network involving CD44, TLR2, and Reg3γ. 

This regulation affects downstream immunological tone, which may lead to protection against 

tissue-specific T1D injury.

Graphical Abstract

In brief

Using a mouse model where early-life antibiotics enhances T1D, Zhang et al. show that 

subsequent maternal cecal microbiota transfer reduces illness. The restorative effects on intestinal 

microbiome and metabolism, ileal wall gene expression and regulation, and innate and adaptive 

immune effectors suggest a gut microbiota-regulated T1D protective mechanism.
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INTRODUCTION

Infancy is a critical period for establishing a healthy gut microbiota and facilitating 

individual immune development (Gensollen et al., 2016; Gollwitzer and Marsland, 2015; 

Pennisi, 2016). Alteration of gut microbiota composition in infancy may change age­

associated immunity and organ-specific inflammation, increasing risk of immune-mediated 

diseases (Amenyogbe et al., 2017; Aversa et al., 2020; Kemppainen et al., 2017; Mullaney et 

al., 2019).

Type 1 diabetes (T1D) is the most common autoimmune disease in childhood with 

pancreatic insulin-producing β cells destroyed by autoreactive T cells and other effectors 

(Atkinson and Eisenbarth, 2001; Wilson et al., 1998). The triggers and intermediary 

molecular mechanisms of T1D remain unclear, but innate immunity may play key roles 

in the initial pathogenetic steps (Atkinson and Chervonsky, 2012; Pino et al., 2010; Wen 

et al., 2008). In infants, both the gut microbiota (Dominguez-Bello et al., 2011) and the 

immune system are developing (Olin et al., 2018). Antibiotic exposure could potentially 

change the microbial interplay with immune system development, and experimental models 

in the NOD (non-obese diabetic) mouse indicate altered susceptibility to T1D development 

(Brown et al., 2016; Candon et al., 2015; Hu et al., 2017; Livanos et al., 2016; Zhang et al., 

2018). Our recent studies showed that early-life antibiotic-exposure induced gut microbiota 

perturbation, interfering with adaptive immune effectors, altering ileal gene maturational 

patterns and incidence of T1D onset, especially in male NOD mice (Livanos et al., 2016; 

Zhang et al., 2018).

Faced with massive disruption of the intestinal microbiota due to antibiotic exposures and 

other perturbations, clinicians have developed fecal microbiota transplantation (FMT), a 

restorative procedure to return to eubiosis and control illness (Kelly et al., 2015; Malikowski 

et al., 2017). This technique has been successful in permitting the recovery of patients with 

Clostridioides difficile colitis (van Nood et al., 2013) and is being investigated for efficacy in 

numerous clinical conditions (Bowman et al., 2015; Kellermayer, 2019; Pathak et al., 2013).

Since the antibiotic-perturbed microbiota T1D model that we have developed in NOD 

mice also involves substantial dysbiosis (Livanos et al., 2016; Zhang et al., 2018), we 

now ask whether we can restore the microbiota and return the enhanced disease risk to 

baseline. The underlying questions are to determine which microbiota might be optimal for 

restoration and to assess the intermediate steps affected by the perturbation and restored 

by the transplantation. This experimental approach establishes the feasibility of the process 

and identifies key microbiota members, metagenomic pathways, metabolites, host genes 

and signaling mechanisms that can be harnessed for future focused interventions. These 

discoveries provide insights into analogous human pathophysiology.
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RESULTS

Cecal microbiota transfer normalizes post-antibiotic gut microbiome compositions

We first evaluated whether specific microbiota transfer can restore changes in the intestinal 

microbiota and intestinal innate immunity induced by an early-life antibiotic course in 

NOD mice (Figure 1A). To reflect microbial populations relevant to the maturation of the 

recipient pups, we prepared cecal microbiota pools from dams or pups from four different 

donor types: i) pups on their fifth day of life (Pup-P5); ii) dams on pup day of life 5 

(Mom-P5); iii) dams at parturition (Mom-P0); and iv) dams at parturition, who received 

an antibiotic (tylosin) course during pregnancy to disrupt their microbiome (Mom-T-P0). 

These inocula contained ~107 copies of 16S rRNA genes and varied in their α-diversity 

with the Mom-P0 inoculum showing the highest values (Table S1). Community structure 

(β-diversity) using unweighted UniFrac, showed the dam pool inocula clustering together, 

whereas the pup pool inoculum was distinct (data not shown). We then performed cecal 

microbiota transfer (CMT) via gavage to recipient mice at P15 that had received the standard 

antibiotic treatment (1PAT, with tylosin) from P5-P10 and evaluated the gut microbiota and 

the intestinal innate responses at two early timepoints after the CMT or control transfers 

(Figure 1). Pups exposed to 1P followed by the control gavage showed markedly diminished 

α-diversity, persisting to P42 (Figure 1BC). Donor pool i CMT(Pup-P5) did not significantly 

change 1PAT cecal microbiota α-diversities for either timepoint (Figure 1B). Donor pool ii 

CMT(Mom-P5) significantly increased 1P cecal microbiota α-diversities at P42 but not at P28 

(Figure 1B). Donor pool iii CMT(Mom-p0) significantly increased recipient cecal microbiota 

α-diversities at both P28 and P42 (Figure 1B). Compared to donor pool iii CMT(Mom-p0), 

donor pool iv CMT(Mom-T-P0) did not significantly increase cecal microbiota α-diversities at 

P28 (Figure 1B).

The 1PAT mice that received the Mom-P0 CMT or control broth had significantly 

different microbial compositions from each other (Figure 1C). The other maternal inocula 

(Mom-P5 and Mom-T-P0, but not the Pup-P5) yielded similar results (data not shown). 

Compared to control mice without antibiotic exposure, 1PAT depleted particular Firmicutes 

(including genera Oscillospira, Ruminococcus) and enriched genus Akkermansia in the 

cecal microbiota from early timepoints (Figure S1A), consistent with our prior observation 

(Zhang et al., 2018). Based on these Short-Term Restoration (STR) analyses, we concluded 

that Mom-P0 CMT best restored early life α-diversity, β-diversity and specific taxa 

of interest, making it the optimal transfer material among those studied for long-term 

restoration (LTR) experiments.

Maternal CMT normalized ileal gene expression and metabolic pathways regulating 
intestinal immune markers in antibiotic-treated mice

We next asked whether the partially restored microbiota affected gene expression in ileum. 

1PAT significantly affected P42 ileal expression of 817 of the ~30,000 detected genes, 

downregulating 483 and upregulating 334 (Figure 1D upper panel); Mom-P0 CMT affected 

expression of 403 genes compared to 1PAT, downregulating 211, upregulating 192; Figure 

1D lower panel); KEGG analysis showed genes related to retinol, cysteine, methionine, 

pyruvate, and sulfur metabolism as well as cytochromes and steroid hormone biosynthesis 
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(Figure S1C). The genes most repressed by CMT compared to 1PAT included a group 

of Antp homeobox family transcription factor genes (Hoxb5, Hoxb6, Hoxb7 and Hoxb8) 

and Ifi202b (autoimmune-development associated interferon activated gene), and those most 

induced included Gata4 (β-cell transcription factor), Trim 38 (inhibitor of TLR3/4 mediated 

inflammation) and Ighv1-47 (immunoglobulin heavy chain gene) (Figure 1D, Table S2). 

In total, these findings indicate that Mom-P0 CMT changed host ileal gene expression 

including genes important in early-life immunological development.

We next evaluated the effects of Mom-P0 CMT on specific ileal innate and adaptive 

immune early marker signature genes that we previously identified 1PAT-perturbed (Zhang 

et al., 2018) (Figure 1E). Ileal expression of NOS2 (innate immune-inducible nitric oxide 

synthase), downregulated by 1PAT, was partially restored by Mom-P0 CMT. Similar trends 

were seen for MUC2 and MUC4 (genes central for mucin synthesis), TNFα, RUNX1 

(early-life transcription factor) and two of its downstream genes (FOXP3, CD3G) critically 

involved in adaptive immunity (Figure 1E). Serum amyloid A1 (SAA1) was significantly 

downregulated by 1P at P28 in the ileum, but Mom-P0 CMT had little effect (Figure 

1E). CMT with antibiotic-perturbed maternal microbiota (Mom-T-P0) had effects similar 

to Mom-P0 CMT, but generally to a lesser extent. Collectively, findings from the STR 

experiment provided evidence that Mom-P0 CMT significantly restored both microbiota 

population structure and host responses, suggesting the utility of an experiment to assess 

whether the 1PAT-enhanced T1D could be blocked.

Maternal CMT largely rescued the antibiotic-induced T1D enhancement

To assess whether the Mom-P0 CMT protected NOD mice against antibiotic-enhanced T1D, 

we used male NOD mice which showed stronger antibiotic effects than females (Livanos 

et al., 2016; Zhang et al., 2018). In the LTR experiment, male mice received 1PAT (or not 

as C, Control) at P5-10 and then were gavaged with Mom-P0 CMT or with blank medium 

(PBS) on P13-17 and then were monitored for 30 weeks for T1D development (Figure 

2A). By the study end, control (C) mice were significantly more often TID-free (50%) 

than were the 1P mice (15%) (Figure 2B), consistent with our prior studies (Livanos et al., 

2016; Zhang et al., 2018). Mom-P0 CMT restored week 30 survival (45%) similar to that 

observed in C mice (50%) (Figure 2B). Moreover, according to the Kaplan-Meier analyses 

and weighted log-rank tests, there were significant differences in disease-free rates across 

the three experimental groups (p=0.005), especially during the middle and late time points. 

Disease-free rates for the three groups were similar at the beginning phase (week 0 to ~20), 

but the rate for group 1P dropped during the middle phase compared to those of C (p=0.009) 

and CMT (p=0.045) (Figure 2B). Thus, we now confirmed our model of T1D enhancement 

with a single early-life antibiotic course and showed the ability to significantly reverse the 

phenotype. Since the interval between the early-life antibiotic exposure (ending on P10) and 

gavages (ending on P17), and T1D onset (earliest at P85, median at P180) represents a long 

latency period, we focused on early time points to better understand the initial mechanisms 

in T1D pathogenesis.
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CMT significantly restored fecal microbiome community characteristics toward baseline

Next, we assessed the effects of the maternal CMT on the pup microbiome. Community 

richness, measured by Faith’s PD, was markedly diminished by 1PAT compared to C mice, 

but was intermediate in the CMT mice and community richness increased faster for C and 

CMT from P23 to P49 than for 1P mice (Figure 2C upper panel). Community evenness 

(Pielou score) also was markedly reduced in the 1P mice, and P23 to P49 trends differed 

for each group (Figure 2C lower panel); however, CMT restored community evenness to 

the control level. Community structure (β-diversity) significantly differed between C and 

1P mice, and CMT led to an intermediate group, significantly distinct from 1P mice and 

C mice (Figure 2D). Estimating the total number of bacterial cells in P23 fecal samples 

using universal bacterial qPCR showed that 1PAT significantly decreased total bacterial 

abundance, but CMT was restorative (Figure S1B left panel). All these metrics indicate 

that CMT restored antibiotic-perturbed global bacterial populations toward normal. We also 

noted substantial 16S count heterogeneity in C mice, with low numbers associated with early 

(<week22) T1D development (Figure S1B right panel).

Effect of post-antibiotic CMT on specific taxa

We next assessed the specific taxa restored by CMT. Across the 267 fecal and cecal 

samples obtained at early timepoints in the Mom-P0 CMT STR and LTR experiments, 

we identified 194 individual taxa at the genus level. Applying the MaAsLin2 algorithm to 

the pre-T1D STR cecal samples and LTR fecal samples, we observed 1PAT differentially 

selected taxa (Figure S1A) with significantly differential taxa after CMT (Figure 2E). 

Bacteroidales family S24-7, dominant in the NOD mouse gut, were depleted in 1P mice 

(Figure S1A) and were restored by CMT (Figures 2E,3B). Firmicutes unclassified species 

from genera Oscillospira and Dorea, and unclassified species from orders Clostridiales and 

RF32, were under-represented in 1P mice, respectively, and restored by CMT (Figures 

2E,S1A,S2D). Among them, Oscillospira relative abundances in C mice that developed T1D 

early (<week22) were significantly lower at all three early timepoints than those developing 

T1D late (>week28) or never (Figure 3A right panel), and unclassified species within 

Order Clostridiales at P35 and P49 was also negatively associated with T1D-development 

(Figure S2A), independently in all three treatment groups (Figure S2B). In contrast, Blautia 
producta, and two unclassified species from Enterobacteriaceae (a Proteus species and an 

unclassified genus) were enriched in 1P compared to C, consistent with prior findings 

(Zhang et al., 2018), and reduced by CMT (Figures 2E,S1C,S2D). We also identified 

unclassified species from families Erysipelotrichaceae and genera Lactobacillus depleted by 

1PAT but significantly restored by CMT, while Akkermansia muciniphila was enriched by 

1PAT but partially repressed by CMT (Figure S2D). Comparing taxa abundances across 

groups, 1PAT significantly decreased the Lachnospiraceae/Enterococcus ratio from that in 

C, while CMT was significantly restorative (Figure S2C). In total, these analytical methods 

identified taxa associated or not with protection against T1D development.

CMT partially restores gut microbial metabolic pathways

To determine whether the altered microbiota following CMT differed in its metabolic 

functions, we used shotgun sequencing to examine post-gavage fecal metagenomes. Based 
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on Bray-Curtis analysis of 325 metabolic pathways identified at P23 and P35, 1PAT globally 

affected metagenomic composition, whereas CMT was at least partially restorative (Figure 

3C). The P23 and P35 results clustered together within each treatment group, indicating the 

stability of the findings. CMT restored 29 (71%) of the 41 pathways that differentiated the 

1P and C mice (Figure 3D, Table S3), as shown in the heatmap red box (from pathway 52 to 

pathway 73, and Table S3). The restoration of gut microbial metabolic pathways to baseline 

levels provides intermediate mechanisms for the restoration of the baseline T1D phenotype 

(Figliuolo et al., 2017; Hosomi et al., 2019; Tiso and Schechter, 2015). A subcluster of 

5 pathways (Blue box; Pathways 218-122) show the greatest consistency between C and 

CMT, in terms of the strength and uniformity of the effect, and all relate to fatty acid 

β-oxidation (Figures 3D,S1E). Of the 5 pathways in this cluster, three (PWY-7094 (fatty 

acid salvage), PWY-5136 (fatty acid β-oxidation 2) and FAO-PWY fatty acid β-oxidation 1), 

show high abundance of eight genes in the PAT mice (Figures 3E,S1D), that is significantly 

greater than in the C or CMT groups. Thus, CMT restored the abundances of these genes 

in the metagenome after 1P to the control levels. Each of these genes encodes long-chain 

acyl-CoA synthetases (AMP-forming), whereas most of the other 35 genes that constitute 

these pathways were present in very low abundance. Overexpression of long-chain acyl-CoA 

synthetases, leading to production of toxic lipids (e.g. peroxides) can be damaging to 

host cells (Chiu et al., 2001). Fatty acid β-oxidation also creates common intermediates 

(such as AMP, NADH/NADPH), with TCA cycle end products of acetyl-CoA and ATP. 

Thus, antibiotic exposure affecting the products of the most abundant differential genes 

significantly increased by PAT but restored by CMT impacts fatty acid metabolism by 

regulating the addition of acyl CoA to a 2,3,4-saturated fatty acid and releasing acetyl-CoA 

from a 2,3,4-saturated 3-oxoacyl-CoA (Figure S1E). Conjugated linoleic acids produced by 

lactobacilli are anti-inflammatory (Chiu et al., 2001), but their removal through β-oxidation 

in PAT mice would decrease their availability to check inflammation. The ileal mitochondria 

concentration was significantly diminished in the PAT mice immediately following the 

antibiotic exposure (Figure S3F), supporting the hypothesis of immediate metabolic damage 

to the intestinal wall with the antibiotic treatment.

CMT restored host gut and blood metabolites

We next asked whether the CMT-altered microbiome affected host metabolic phenotypes. 

Untargeted metabolomic analysis of the P23 cecal contents showed 41 metabolites with 

≥2-fold significant differences between C and 1P mice (Table S5). Five metabolites (cholic 

acid, L-pipecolic acid, β-homoproline, cytidine, and 1-Methyladenosine) fell significantly 

with 1PAT and were restored by CMT, and four metabolites (dipeptide valine-tyrosine, 

glycitein, o-acetyl-L-serine and hexanedioic acid, bis(2-ethylhexyl) ester) rose significantly 

with 1PAT and were restored by CMT (Figure 4A upper panel). In targeted analyses, we 

evaluated several key microbial products including cecal short chain fatty acids (SCFAs) 

and plasma trimethylamine N-oxide (TMAO)-associated metabolites. Among six measured 

SCFAs, only cecal lactate was significantly increased in 1P mice but restored by CMT 

(Figure 4A lower panels), whereas trends for cecal propionate and serum TMAO were 

inverse. Collectively, these studies define metabolic products in the host perturbed by 1PAT 

and restored by CMT.
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CMT restored host ileal gene expression

To more directly understand the mechanisms by which CMT reduced 1PAT-induced T1D 

development, we examined P23 ileal gene expression profiles by RNAseq. Unsupervised 

hierarchical clustering analysis indicated that gene profiles of all 1P mice formed a separate 

cluster from the C mice, as expected (Zhang et al., 2018). However, the CMT mice clustered 

with the C mice rather than with the 1P mice (Figure 4B), providing evidence at a global 

level for CMT restoration of gene expression. Next, compared with the 1P mice, GO term 

enrichment pathway analysis indicated that CMT decreased expression of genes related to 

B-cells, immunoglobulins, complement activation, phagocytosis and increased expression 

of genes related to extracellular space functions and stress responses (Figure S4A). Recent 

studies provide evidence that exon-splicing differences, histone modification and microRNA 

expression all affect gene expression as well as host cell phenotypes (Gosline et al., 2016; 

Karlic et al., 2010; Koch, 2017; Miao et al., 2014). As such, we explored each of these 

avenues to better understand the mechanisms at the microbial-host cell interface.

Restoration of abnormal exon-splicing profiles of key genes

Since abnormal RNA splicing of host genes also may have pathophysiologic significance 

(Garcia-Blanco et al., 2004; Li et al., 2019), which may be affected by the gut microbiota 

(Hasler et al., 2017), we examined the percent spliced in (PSI) index of exons based on 

the RNAseq studies. This analysis identified 192 differentially spliced exons (Figure S5A), 

which globally and significantly differentiated between groups (Figure 4C). By PCoA, the 

CMT are more similar to the C on PC1, but are more similar to the 1P on PC2, consistent 

with partial restoration (Figure 4C). We identified a group of exons whose alternative 

splicing patterns differ significantly between the C and 1P mice, but are similar between C 

and CMT (Figure S5A bottom box).

We then focused on two identified genes, CD44 and Reg3γ with alternative splicing 

patterns differentiated by antibiotic exposure (Figure 4D). CD44 encodes a cell surface 

glycoprotein involved in cell-cell interaction, responses to bacterial infection (Senbanjo and 

Chellaiah, 2017), and TLR regulation (Pure and Cuff, 2001), suppressing TLR2-mediated 

inflammation (Kawana et al., 2008). The CD44 splicing pattern involves a 207-bp exon 

(ID: ENSMUSE00000429028), which is significantly lower in 1P mice, while partially 

but significantly restored by CMT (Figure 4D left panel). Consistent with this finding, 

ileal TLR2 gene expression at early timepoints was significantly decreased by 1PAT but 

restored by CMT (Figure 4B lower panel), providing evidence in this model that CD44 

regulates TLR2 gene expression through alternative splicing (Qadri et al., 2018). Reg3γ 
encodes a protein with multipotent activities including antibacterial activity in the intestinal 

lumen (Mukherjee and Hooper, 2015; Shin and Seeley, 2019) and islet regeneration in the 

pancreas (Xia et al., 2016). We now identified a significant Reg3γ modification with a 4­

nucleotide retained intron that was significantly selected by the 1PAT exposure and partially 

reversed by the CMT restoration (Figure 4D right panel). Intron retention enhances gene 

regulatory complexity (Schmitz et al., 2017), which has been found to be associated with 

developmental and complex diseases, including cancers (Dvinge and Bradley, 2015) and 

Alzheimer’s disease (Adusumalli et al., 2019). These studies provide further evidence that 
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CD44 and Reg3γ are critical mechanistic intermediates between the altered microbiome in 

1P and its restoration with CMT, affecting T1D pathogenesis.

CMT modulated ileal histone post-translational modification

Having found that 1PAT changed histone post-translational modification (PTM) states 

(Zhang et al., 2018), we now evaluated early-life PTM states in ileum and liver to assess 

whether CMT restored baseline chromatin regulation. Among the 55 PTM states detected, 

all three treatments led to distinct patterns at P23 and P42 in ileum and liver (Figure S5B). 

At P42, for histone variant H3.3, present at active transcription areas, CMT led to decreased 

K27ac and increased K27 methylation (K27me3K36un and K27me2K36un) (Figure 5A). 

Since K27 methylation is associated with repressed gene expression, and K27 acetylation 

with active transcription, our findings indicate that CMT leads to repression of genes 

otherwise upregulated by the antibiotic-perturbed microbiota. Since K27me3 methylation 

state is under the regulation of histone demethylase Jmjd3 which is inducible in a NFkB­

dependent manner by TLR2 agonists (De Santa et al., 2007), the CMT-increased K27me3 

methylation is consistent with our observation that CMT increased TLR2 expression which 

reduces the TLR2 receptor occupancy ratio by the TLR2 agonist.

CMT restored host ileal microRNA expression profiles

Next we examined the expression of all 599 known murine miRNAs in ileal samples from 

the same P23 mice used for the ileal RNAseq studies. Unsupervised hierarchical clustering 

of the 46 highest abundance miRNAs indicated that the profiles of the mice receiving CMT 

clustered with the C rather than with the 1P mice (Figure 5B), paralleling the result of the 

RNAseq experiment (Figure 4B), and indicating that CMT restored ileal miRNA expression 

at a global level. We identified a set of specific ileal miRNAs reported to regulate genes 

affected by 1PAT including CD44, TLR2 and Reg3γ, which were differentiated by 1PAT 

but restored or partially restored by CMT (Table S6, Figure 4E,5C). miR145 regulating 

CD44 (Pagliuca et al., 2013), miR143 regulating-CD44 (Pagliuca et al., 2013; Yang et al., 

2016) and TLR2 (Guo et al., 2013), and miR155 (Bayraktar et al., 2019) regulating-TLR2 

were increased by 1P compared to C, but restored by CMT (Figure 5C). Reg3γ-regulating 

miR23b (McKenna et al., 2010) was decreased by 1P and restored by cecal microbiota 

transfer (Figure 5C).

CMT effects on gene expression in isolated epithelial cells

Thus far, the studies of gene expression were based on analysis of full thickness distal ileal 

tissues. As such, we next sought to explore the interaction of the perturbed and restored 

microbiota at the more precise interface of isolated ileal epithelial cells. We repeated the 

exposure of male mice to antibiotics (1P), or not (C), with CMT restoration, exactly as 

in Figure 2A, and following mouse sacrifice and isolation of purified ileal epithelial cells 

(Figure S6A), gene expression was compared across the experimental groups by Nanostring 

assay of 547 immune-associated genes. 1PAT exposure changed the gene expression profile 

of NOD ileal epithelial cells and CMT altered the profile from that of the 1PAT treatment 

at a global level (Figure S6BC). 1PAT significantly differentiated 66 genes (Figure S6C, 

Table S7) and CMT restored 31 of the 46 downregulated and 14 of the 20 upregulated. CMT 

restored 1PAT-differentiated Reg3γ expression in ileal tissue in the intact mouse (Figure 4E 

Zhang et al. Page 9

Cell Host Microbe. Author manuscript; available in PMC 2022 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



upper left panel) and in the purified IECs (Figure 4E upper right panel). As expected, 

these studies indicate that ileal epithelial cells participate in the transduction of the altered 

and restored microbiome signals that ultimately lead to the observed T1D phenotypes.

CMT-restored network of microbial-host intestinal gene expression interaction

Since the effects of 1PAT on the interaction between microbiome and the host were 

global and extensive, we conducted network analysis to identify the key linkages (Figure 

6A). Key taxa in the network were family S24-7, genera Oscillospira and Lactobacillus, 

and Clostridiales, which were depleted by 1PAT but restored by CMT, and taxa from 

genera Akkermansia, Blautia, Enterococcus, with the inverse relationships. Key host ileal 

pathways were involved in immunity (CD molecules, cell adhesion molecules, lysosome 

and peptidases), metabolism (PPAR signaling, Fat digestion and absorption, cholesterol 

metabolism) and cellular processing (transcription factors, messenger RNA biogenesis, 

splicesome, exosome, histone modification proteins, membrane trafficking, phosphorus­

containing group transfer and ubiquitination). The effects of the early life antibiotic 

treatment were widespread; this analysis identifies central mechanisms downstream of the 

perturbations.

Effects of intestinal luminal constituents on expression of targeted host genes in intestinal 
epithelial cells

Our global model identified cell surface molecules and transcription factors as elements of 

the differential gene regulation related to antibiotic exposure. We next examined in vitro 
the expression of three genes, Reg3γ (a C-type lectin and anti-microbial peptide), CD44 (a 

cell-surface glycoprotein) to represent epithelial cell surface molecules, and NFkB, a master 

regulator of inflammation, to represent transcription factors. To extend our observation 

of the differential regulatory effects of intestinal epithelial Reg3γ gene expression in 

NOD mice (Figure 4E), human intestinal epithelial Caco-2 cells were co-cultured with 

constituents from mouse cecal contents. First, we examined cell-free supernatants from 

the intestinal contents of C mice as our standard, and compared with those from 1P 

mice. We also studied bacterial cells from a single strain from the S24-7 family that is 

markedly diminished in 1P mice vs. an individual E. coli strain, representative of the 

Enterobacteriaceae which are increased in 1P mice (Figures 2E,3B). Finally, we compared 

a 1PAT-decreased metabolite, the SCFA propionic acid (PA) (Figure 4A) to PBS as control. 

Reg3γ expression was significantly (8-fold) diminished in the presence of cecal contents 

from 1P mice than those from C mice. Similarly, expression was significantly (9-fold) lower 

in the presence of the E. coli cells than with the commensal S24-7 bacterial cells (that 

are increased and decreased in 1P mice, respectively) and trended to be upregulated in the 

presence of propionic acid (PA) compared to PBS (Figure 6B, top panel). Taken together 

with our prior findings in the NOD mice, these results indicate that the balance between the 

particular commensal bacterial taxa (e.g. the dominant S24-7) and the opportunists (e.g. the 

Enterobacteriaceae) are involved in the regulation of expression of the key host gene Reg3γ 
in intestinal epithelial cells and that are perturbed by the antibiotic exposure. Next, we 

examined CD44, since there were significant differences in alternative splicing in NOD mice 

(Figure 4D). Our results (Figure 6B middle panel), indicate that CD44 expression in Caco-2 

cells also is regulated; significantly higher in the presence of cecal contents from 1P than 
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from C mice, significantly higher in the presence of E. coli cells than S24-7 family cells and 

significantly lower in the presence of PA than PBS alone, results that are consistently inverse 

to those for Reg3γ. Finally, we also examined Caco-2 cell expression of NFkB (Figure 6B 

bottom panel). Expression was significantly higher in the presence of cecal contents from 

1P than from C, significantly higher in the presence of E. coli cells than S24-7 bacterial 

cells, paralleling that for CD44; in this assay, PA had the opposite effect. In total, these 

findings confirm the identity of important microbes and their products that affect the gene 

regulatory environment in the intestinal epithelium and suggest that the balance between 

them may be detected by Reg3γ which transduces the signals more deeply.

We then extended our observations to assess the involvement of Reg3γ, identified from 

gene expression studies as a host product whose early age (P23) expression was consistently 

reduced by 1PAT and restored by CMT (Figure 4E). Immunohistochemical observations 

further show that antibiotic exposure decreased Reg3γ expression at the protein level 

(Figure 6C). Immunoblot-based analysis also showed that in 1P mice, there were decreases 

in pancreatic Reg3γ at P23 (Figure 6D). These findings further support our model that 

antibiotic exposure with its consequent changes to the composition of the intestinal 

microbiota has effects on pathways that go through Reg3γ, affecting propensity for T1D 

(Figures 7,S7).

DISCUSSION

Prior studies in both humans and mice show that antibiotics given early in life, at doses that 

are therapeutic for treating bacterial infections, disrupt the developing microbiome (Langdon 

et al., 2016; Nobel et al., 2015), often with substantial pathophysiological consequences 

(Aversa et al., 2020; Ortqvist et al., 2019; Stark et al., 2019). An important question is 

whether restoration is possible. We addressed this question in a well-established murine 

model of antibiotic-enhanced development of T1D (Livanos et al., 2016; Zhang et al., 2018) 

and now provide evidence that restoration of both microbiota and health status can be 

achieved.

Our preliminary studies indicated that microbiota from mothers on the day of birth (Mom­

P0) had the most favorable characteristics of those tested for partially normalizing the 

microbiota of the pups that had been altered beginning at P5. This is consistent with the 

evidence that at birth, mothers pass a comprehensive microbiota to their offspring, with 

subsequent selection and succession of dominant species (Kimura et al., 2020; Mueller 

et al., 2015). Alternative sources and exact timing for optimal transplantation must be 

examined in future studies, but inocula of unperturbed maternal (Mom-P0) microbiota may 

be important candidates. Consistent with this point, a recent study of restoration following 

Cesarean section in human children showed that inocula from late pregnancy conferred 

partial restoration of the infant’s microbiota (Korpela et al., 2020).

The intermediate species richness phenotype produced by CMT suggests incomplete 

engraftment of a robust microbial community potentially influenced by residual antibiotic 

effects. However, CMT mice had comparable community evenness to control, suggesting 

that while species richness was reduced, the communities assembled into structures 
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resembling the unperturbed communities. Oscillospira could be one of the T1D-protective 

intestinal taxa and its depletion may be used as an early biomarker to predict T1D onset. 

Oscillospira, a currently unculturable and not well-characterized genus (Konikoff and 

Gophna, 2016), also may be important in human health, with abundance associated with 

leanness (Goodrich et al., 2014; Tims et al., 2013) and fecal bile acid levels (David et 

al., 2014), and inversely related to inflammatory diseases (Walters et al., 2014). Consistent 

with these reports, we observed that Oscillospira relative abundance and cecal bile acids, 

as mediators regulating lipid and glucose metabolism (Ferrell and Chiang, 2019) and T cell 

homeostasis (Song et al., 2020), were decreased by antibiotic perturbation and restored by 

unperturbed maternal microbiota transfer. Analysis across the experiments shows greater 

consistency in the microbes depleted by antibiotics and restored by transfer than in the ones 

enhanced by antibiotics; such findings are consistent with a model of antibiotic-induced loss 

of keystone species, and replacement by opportunists, that may vary between individuals. If 

correct, that phenomenon provides further rationale for early replacement approaches.

With partial restoration of the microbial populations, consistent restoration of metagenome 

and metabolites were observed, improving confidence in the methodologies, and suggesting 

mechanisms for abrogating the disruption-enhanced T1D phenotype. We identified a short 

list of relevant metagenomic metabolic pathways and metabolites significantly perturbed 

by antibiotics and recovered with restoration. Intestinal cysteine and methionine reduce 

oxidative stress and increase goblet cell and crypt cell proliferation (Ruth and Field, 2013). 

Steroid signaling pathways via NF-kappa B regulation suppress immune and inflammatory 

responses (McKay and Cidlowski, 1999). Retinoic acid affects mucosal immune responses 

by promoting dendritic cell CD103-expression, enhancing Foxp3+ inducible regulatory T 

cell differentiation and inducing gut-homing T cell specificities (Oliveira et al., 2018). Since 

bacterial bile acid metabolites are essential for maintaining intestinal RORγ+ regulatory T 

cell homeostasis (Song et al., 2020), cholic acid, reduced by antibiotic exposure and restored 

by CMT, provides a potential intermediary for the altered immune phenotypes (Fiorucci et 

al., 2018; He et al., 2018).

We showed that the microbiota degrades trypsin and antibiotics suppress this activity with 

restoration by CMT (Figure S3). That trypsin damages the colonic epithelium, mediating 

tight junction degradation and intestinal permeability, and activates signaling pathways 

through protease-activated receptors (PARs) (Cenac et al., 2003; Midtvedt et al., 2013; Van 

Spaendonk et al., 2017; Vergnolle, 2016), provides another mechanism through which a 

perturbed microbiota can lead to enhanced auto-immunity.

In the ileum, we observed substantial alterations in gene expression at a global level 

due to the altered microbiota, and identified a subset of genes with altered expression, 

consistent with prior reports (Livanos et al., 2016; Zhang et al., 2018), but now in which 

CMT restored normal phenotypes (Figures 6,7), including genes related to innate immunity 

(e.g. Saal, Muc2, Reg3γ). The CMT-induced restoration also led to a global shift away 

from immune activation (Figure 7), emphasizing the importance of the microbiota-intestinal 

wall interface in regulating the T1D phenotype (Daft and Lorenz, 2015; Hu et al., 2015). 

Studies of isolated epithelial cells indicate the critical position of the ileal epithelium in the 
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transduction of luminal signals to downstream immunological effector cells (Birchenough et 

al., 2016; Haber et al., 2017; Pott and Hornef, 2012).

Considering factors upstream of ileal gene expression were affected in opposite directions 

by antibiotic exposure and CMT, we showed: i) altered expression of ileal miRNAs. 

Affected miRNAs include regulators of innate and adaptive immunity (e.g. miR143 and 

miR155, which target CD44 and TLR2, respectively (O’Neill et al., 2011; Wen et al., 2013; 

Yang et al., 2016); ii) altered gene splicing, as illustrated by the shifts in CD44 (Prochazka 

et al., 2014). iii) altered intestinal histone modification epithelium, as we reported (Zhang 

et al., 2018). In particular, reciprocal changes in variant histone H3.3, deposited in areas 

of active transcription, and in canonical histone H3 occurred with antibiotic exposure and 

restoration, consistent with heightened and restored gene expression, respectively (Zhao 

and Garcia, 2015). The opposing patterns between histone H3.3:K27 acetylation and 

H3.3:K27me3 methylation in response to CMT affect Th17 differentiation through the key 

transcription factor RORγT (Cribbs et al., 2020).

By identifying factors perturbed by antibiotics and restored by CMT, we propose that 

CMT rescues T1D through a pathway involving gut commensal bacteria S24-7 and host 

Reg3γ as key elements (Figure 7). Moreover, we narrow the model to understand the most 

active elements (Figure S7) that now can be approached experimentally to understand the 

essentiality of their role. Although our studies in cell culture point toward mechanisms 

involving specific microbes and specific host effects, such as involving Reg3γ, our ability 

to test those hypotheses is limited by the lack of further in vivo experiments. Nevertheless, 

these studies emphasize the centrality of early life events in the intestine for determining 

systemic effects (e.g. immunopathology in the pancreas) that may occur well into adult life. 

The availability of a functional restoration (CMT) permits more focused explorations of 

T1D pathogenesis, the broader biological issue of the crucial interface between early life 

microbiota and host immunological and metabolic development, and points to approaches 

for remediation.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information requests should be directed to and will be fulfilled by 

the lead contact, Martin J. Blaser at martin.blaser@cabm.rutgers.edu.

Materials availability—This study did not generate new unique reagents

Data and code availability—RNA-Seq data that support the findings of this study 

have been deposited in the ArrayExpress database (https://www.ebi.ac.uk) with accession 

code E-MTAB-9981 (RNA-seq of ileum at P42 in STR) and E-MTAB-9982 (RNA-Seq 

of ileum at P23 in LTR). Ileal NanoString data have been deposited in the NCBI Gene 

Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO 

Series accession numbers GSE163887 (Ileal epithelial cells immune gene profile at P23) 

and GSE163888 (ileal miRNA profile at P23). 16S rRNA data have been deposited in 

QIITA with the identifier 13529 (https://qiita.ucsd.edu/study/description/13529). Shotgun 
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metagenomics data have been deposited in the European Nucleotide Archive (ENA) (https://

www.ebi.ac.uk/metagenomics/) under accession number, PRJEB42282.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—NOD/ShiLtJ mice (6 weeks old) were purchased from Jackson Laboratory (Bar 

Harbor ME), and bred in an SPF vivarium at the New York University Langone Medical 

Center (NYUMC) Skirball animal facility and at Rutgers University School for Public 

Health animal facility. All animal procedures were approved by the NYUMC Institutional 

Animal Care and Use Committee (IACUC protocol no. 160623) and by the Rutgers 

University Institutional Animal Care and Use Committee (IACUC protocols no. 201900017 

and 201900032). Mice were housed in individual ventilated cages (IVC) with no more 

than 5 mice per cage in SPH vivarium room with room temperature as stable as 22-24°C, 

the relative humidity 45-60%, and 12-h light-dark cycle. The dams and their litters were 

randomly assigned to control (C) or 1PAT antibiotic (1P) groups. At postnatal (P) day 23, 

the pups were weaned and housed to separate males and females with 2-5 mice per cage. 

All mice received acidified drinking water supplied by the facility routinely except for the 

periods when some litters were receiving antibiotic treatment. A therapeutic dose of the 

macrolide tylosin tartrate (Sigma-Aldrich, Billerica MA) was given to 1P pups in their 

non-acidified drinking water at 333 mg/L on P5-P10, as described (Zhang et al., 2018).

Purification and analysis of isolated intestinal epithelial cells—Mouse small 

intestinal epithelial cells were isolated based on established protocols (Gracz et al., 2012; 

Graves et al., 2014) with further modifications. P23 male NOD mice were subjected to 

C, 1P, and CMT treatments, as above, and at sacrifice, ~12 cm of the terminal ileum 

was removed, fat and Peyer’s patches excised, the tissue opened longitudinally and cut 

into 1-cm pieces, and incubated on ice in 20 mL of DMEM (Corning, Tewksbury MA) 

supplemented with 10% FCS (Gibco, Grand Island NY). After a brief vortex, each sample 

was incubated in 20 mL DMEM with 10% FCS and 1 mM DTT (Sigma) at 37°C for 15 

min, with shaking at 180 rpm. The sample was filtered through 70 μM filter mesh, and the 

filtrate containing IECs were centrifuged at 300 g and stored on ice. Remaining tissue was 

transferred to 20 mL PBS with 15 mM EDTA, briefly vortexed, then incubated at 37°C 

for 10 min with shaking at 180 rpm. The supernatant was filtered through 70 μM mesh, 

combined with IECs from the previous step, and re-suspended in 5 mL DMEM with 0.02 

mg/mL DNase I (Sigma) for 10 min at room temperature. Cells were filtered a final time, 

re-suspended in DMEM with 10% FCS, and viable cells counted by trypan blue exclusion. 

After cell counting, IECs from three mice in the same treatment group were pooled for 

each of the three IEC treatments pools. IECs were stained using a LIVE/DEAD viability 

dye, anti-CD45-FITC, and anti-EpCAM-APC (BioLegend, San Diego CA), according to 

the manufacturer’s instructions, and subjected to fluorescence-activated cell sorting using a 

100 μM nozzle to collect live IECs using a Coulter MoFlo™ XDP at Rutgers University 

Ernest Mario School of Pharmacy Cytometry and Cell Sorting Laboratory. The collected 

cells subjected to TRIzol reagent (ThermoFisher Scientific, Carlsbad, CA) directly without 

further culture for RNA extraction.
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Cell line—Human intestinal cell line Caco-2 (ATCC, Manassas VA) were cultured and 

maintained in surface-treated sterile tissue flasks or 6-well plates (ThermoFisher Scientific) 

in Eagle’s Minimum Essential medium (MEM) (Corning, Tewksbury MA) with 10% 

fetal calf serum (FCS) (Corning) and 1x Penicillin-streptomycin (Gibco) in a humidified 

incubator at 37°C with 5% CO2 air atmosphere. Cells were split and media were changed 

every 72 hours.

Microbe strains—S24-7 family MH8C strain (S24-7) (gift from the Carolina Tropini Lab) 

was cultured on TSA with sheep blood agar medium (Thermo Scientific, Waltham MA) 

for 72 h at 37°C in an anaerobic Chamber (Coy Lab Products, Grass Lake MI) under an 

atmosphere of 90% N2, 5% CO2, and 5% H2. E. coli K12 strain was cultured on LB liquid 

medium for 16 h at 37°C with shaking (160 rpm) under aerobic conditions.

METHOD DETAILS

Microbiota transfer—To prepare donor cecal materials for the short-term restoration 

(STR) experiment, we bred 12 pairs of NOD mice in 3 groups with 4 pairs for each group. 

For group 1, dams and pups did not receive any treatment and were sacrificed at pup 

day of life 5 (P5). Cecal contents from the dams were collected separately, and pooled 

as Mom-P5. Cecal contents from the 24 pups of the 4 litters were collected and pooled 

as Pup-P5. For group 2, dams did not receive any treatment and were sacrificed on the 

day of birth, and cecal contents were collected and pooled as Mom-P0. For group 3, dams 

received a 5-day 1PAT tylosin course (333 mg/L) during pregnancy (E13-E18), and were 

sacrificed on the day of birth, and cecal contents were collected and pooled as Mom-T-P0. 

During collection, cecal tissues were fully opened and cecal contents were immediately 

released into pre-reduced anaerobic dental transport media (Anaerobe Systems, Morgan 

Hill CA), mixed well, and frozen at −80°C. To create the final pools, the cecal materials 

were thawed in an anaerobic chamber, pooled, thoroughly mixed and, diluted in ice-cold 

pre-reduced broth medium with glycerol. After settling to precipitate large particulates, the 

liquid suspensions were transferred, mixed thoroughly and aliquoted in 1 mL volumes at 

OD600 (1.0~1.5), frozen at −80°C until use. On the day of use, 50 μL of each suspension 

was thawed, and transferred via gavage at P15 to the 1P pups. Broth medium/glycerol 

alone was used in the control groups. For the long-term restoration (LTR) experiment, cecal 

materials were collected from 20 NOD dams at the day of pup birth, and pooled together as 

Mom-P0. Pre-reduced PBS (phosphate buffered saline) in anaerobic conditions was used for 

resuspension and dilution, and used in control groups. By oral gavage, 50, 75, and 100 μL of 

the suspension were transferred to 1P pups at P13, P15, and P17, respectively, representing 

the cecal microbiota transfer group (CMT).

Diabetes monitoring—Diabetes monitoring of NOD male mice (n=20) was performed 

weekly beginning at week 11 of age and continued to week 30, as described (Wen et 

al., 2008; Zhang et al., 2018). Diabetes progression evaluation and detecting significant 

differences between treatments was performed by Kaplan-Meier analysis (Kaplan and 

Meier, 1958) and the Log-rank (Mantel-Cox) test (Harrington and Fleming, 1982), 

respectively. Considering that the proportional hazards assumption may not hold throughout 

the study and there may be delayed effects on disease risk, the Gρ,γ weighted log rank test 
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(Fleming and Harrington, 1991) was adopted, and higher weight was assigned to the middle 

time points with both parameters set to 1. Post-hoc pairwise comparisons were adjusted by a 

Benjamini-Hochberg procedure.

Collection of fecal and tissue samples—Fresh fecal collection from individual NOD 

male mice was performed weekly after weaning as described (Zhang et al, 2018). Briefly, 

each mouse was placed in an empty clean beaker for 2–3 minutes to allow them to defecate 

normally to obtain 4 pellets, which were frozen at −80°C for later analysis. At mouse 

sacrifice, the distal ileum (1/3 of the section) was collected; after removing contents, tissue 

was kept in RNAlater (Qiagen, Valencia CA). Cecum samples with contents were divided 

into two sections, one directly frozen at −80°C for 16S rRNA and metabolic analyses and 

the other was added to pre-reduced anaerobic dental transport media (Anaerobe Systems) 

and frozen at −80°C for bacterial isolation. After removal of colonic contents, colonic 

tissues were collected into RNAlater. Blood samples were collected from cardiac puncture 

and plasma samples were prepared and frozen at −80°C for metabolite analyses. From mice 

sacrificed at P70, the pancreas was fixed in freshly prepared modified Bouin’s fixative 

(Leiter, 2001), paraffin-embedded, sectioned, stained, and scored, as described (Livanos 

et al, 2016; Zhang et al., 2018) with modification by using methyl green as counterstain 

(Forestier et al., 2007).

16S rRNA assessments of microbiota and community analysis—Microbiome 

assessment was performed as described (Zhang et al., 2018). Briefly, microbiota DNA 

was extracted from fecal samples (1 pellet) and cecal samples using the DNeasy PowerSoil­

HTP 96 Well Soil DNA Isolation Kit (Qiagen). An amplicon library of the bacterial 16S 

rRNA V4 regions was obtained with barcoded fusion primers and triplicate PCR, and 

combined with each DNA sample at equal concentrations, as described (Zhang et al., 2018). 

The library was sequenced with the Ilumina MiSeq platform using 2×150 bp paired-end 

format (Illumina, San Diego CA) at the New York University Langone Genome Technology 

Center. QIIME 2.0 was used as the amplicon read processing pipeline as described (https://

qiime2.org/) (Bolyen et al., 2019). Briefly, demultiplexed paired-end reads from MiSeq 

were trimmed, denoised and joined with DADA2 (Callahan et al., 2016). A phylogenetic 

tree was created by FastTree (Price et al., 2010) after the multiple sequence alignment and 

masking of highly variable positions using MAFFT (Katoh and Standley, 2013). Taxonomy 

was assigned using a pre-trained Naïve Bayes classifier (Bokulich et al., 2018) based 

on a pre-created Greengene 13_8 99% identity OTUs (DeSantis et al., 2006). Microbial 

α-diversity and β-diversity were generated using QIIME2.0. α-diversity was measured using 

phylogenetic diversity (Faith’s PD) (Faith, 1992), Shannon index, and observed amplicon 

sequence variant (ASV) and analyzed with GraphPad Prism 8.0 (GraphPad Software, La 

Jolla CA). Longitudinal analysis of α-diversity was performed in R (R Core Team, 2017). 

Each timepoint was tested individually using a one-way ANOVA, individual comparisons 

between all groups were calculated for significant timepoints (p<0.05) post hoc using 

Tukey’s HSD post-test. Figures were made using ggplot2 (Wickham, 2009). Unweighted 

UniFrac was used for β-diversity analysis (Lozupone and Knight, 2005). Assessment 

of significantly different taxa with respect to the average microbe was performed using 

the ANCOM program (Mandal et al., 2015) within QIIME2.0 (Bolyen et al., 2019). 
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Assessment of longitudinal changes of microbes binned at species-level taxonomy was 

performed in R (R Core Team, 2017) using the tool MaAsLin2 (Mallick et al., 2021) 

with default parameters. In brief, taxa were normalized using total sum scaling (TSS) and 

log-transformed. Normalized taxa were modeled with fixed effect of treatment group and 

random effects of timepoint and mouse ID. Significant taxa (FDR-corrected p-value <0.05), 

were further tested for significance between groups at each timepoint. Total 16S copy 

number of fecal micrbiome was also evaluated by qPCR using 1 μL fecal microbime DNA 

per fecal pellet with bacterial universal primer pairs 338F and 518R (Muyzer et al., 1993) 

in a LightCycler 480 system (Roche, Branchburg NJ) and QuantiTect SYBR® Green PCR 

Kit (Qiagen). For group mean comparisons, the Mann-Whitney U test was performed with 

p-value <0.05 indicating significance.

Microbiome assessment by shotgun metagenomic sequencing—A total 36 fecal 

samples from 18 male NOD mice, including 6 each from C, 1P and CMT mice, were 

examined at 3 and 5 weeks in the LTR experiment. Whole genome shotgun sequencing 

was performed as described (Zhang et al., 2018). Briefly, Genomic DNA (5 ng) from 

each sample was extracted with QIAamp Powerfecal DNA Kit (QIAgen), and library 

preparation and subsequent whole genome sequencing (WGS) was performed using the 

Illumina HiSeq 2500 platform with 4 flow cell lanes as 150-bp paired-end reads, at 

NYU Langone’s Genome Technology Center. A total of 377 Gb raw sequence data 

was obtained from sequencing center for the 36 samples, averaging ~31.5 million pairs 

of PE150 reads per sample (standard deviation=4.4 million). Kneaddata v0.6.1 (https://

huttenhower.sph.harvard.edu/kneaddata) was used for quality filtering with a sliding window 

of 3, minimum quality score of 20, and minimum sequencing length of 100 bases. Both 

paired and orphan reads, which passed the initial filtering were further decontaminated 

using genomes of host (Mus musculus) and PhiX (an Illumina sequencing control). After 

these rigorous quality control steps, ~263 Gb data, (average of 70.1% of raw reads (range: 

56.0-84.0%)), were considered high-quality and further analyzed. Quality filtered reads from 

each sample were then passed to HuMAnN2 v0.11.1 (Franzosa et al., 2018), for gene 

function and pathway analysis with default parameters. Abundance of genes or pathways 

were renormalized to relative abundance using the HuMAnN2 utility script. Principal 

component analysis (PCA) calculated using Bray-Curtis measurements. Differentially 

abundant pathways were identified using MaAsLin2 (Mallick et al., 2021) with FDR 

correction. Features with corrected q-value <0.1 were identified as significant. A heatmap of 

significant pathways at each time point were generated with pheatmap R-package, rows and 

columns arranged based on hierarchical clustering of arcsin-square-root transformed relative 

abundance in accordance with MaAsLin2. MaAsLin2-identified significant pathways were 

further examined using tools provided by the MetaCyc metabolic pathway database (Caspi 

et al., 2018) to screen for those found in bacteria.

High resolution GC-MS/MS analysis of cecal short chain fatty acids (SCFAs)
—From the LTR experiment, 33 P23 cecal content samples, including 11 each from C, 

1P, or CMT mice, underwent SCFA analysis as described (Lieber et al., 2019). Briefly, 

cecal contents were aliquoted, weighed and hydrated with water solution of NaOH (5 

mM). After 40 min vortex-mixing in the cold and centrifugation, 50 μL of supernatant 
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was placed in a GC vial containing NaOH (5 mM in water) and isotopically labeled 

internal standards (IS; 5 μL). Solution of 2-Butanol/Pyridine (3:2; v/v) (50 μL) and isobutyl 

chloroformate (10 μL) was added, the mixture vortexed and sonicated, the derivatized acid 

were extracted with hexane (50 μL) and the hexane layer transferred into another vial for 

the GC-MS analysis. The quantitation of acetic acid, butyric acid, isovaleric acid, lactic acid, 

propionic acid, and succinic acid was performed using isotope dilution GC-MS/MS by using 

MRM mode. The absolute quantity of each SCFA was determined using calibration curves 

measured for each analyte. Samples were analyzed by using the Thermo TSQ-Evo triple 

quadrupole in tandem with the Trace 1310 gas chromatograph (ThermoFisher Scientific). 

Chromatographic separation was achieved by using an HP-5MS fused-silica capillary 

column (30 m × 0.250 mm × 0.25 μm; Agilent Technologies, Santa Clara, CA, USA) 

coated with 5% phenymethyl siloxane. Each extract (1 μL) was injected in split mode (10:1). 

Helium as carrier gas flow was 1 ml/min. The GC oven temperature program was as follows. 

The initial temperature of 40 °C was held for 2 min after injection before it was increased 

up to 50°C at 3°C/min, followed by increase to 110°C at 5°C/min, then 250°C at 30°C/min 

and 310°C at 70°C/min, and then held at 310°C for 3 min. Argon was used as collision 

gas. The injector, transfer line, and ion source temperature were set at 260, 290, and 230 

°C, respectively. The mass spectrometer was tuned to an electron impact ionization energy 

of 70 eV in the MRM mode with the following parent to daughter ion transitions: m/z 61.0 

→ 43.0 for acetic acid, m/z 63.0 → 45.0 for [13C2]-acetic acid, m/z 61.0 → 43.0 m/z 
71.0 → 41.0 for butyric acid, m/z 78.1 → 46.1 for D7-butyric acid, m/z 85.1 → 57.1 for 

isovaleric acid, m/z 87.1 → 59.1 for D2-isovaleric acid, m/z 135.1 → 45.1 for lactic acid, 

m/z 138.1 → 48.0 for D3-lactic acid, m/z 75.1 → 57.0 for propionic acid, m/z 77.1 → 
59.0 for D2-propionic acid, m/z 101.1 → 55.0 for succinic acid, and m/z 105.1 → 57.0 for 

D6-succinic acid.

High resolution GC-TOF-MS analysis of serum TMAO associated metabolites
—From the same mice as above, P23 serum samples underwent TMAO analysis, using 

stable isotope dilution HPLC with online electrospray ionization tandem mass spectrometry 

on an API 365 triple quadrupole mass spectrometer (Applied Biosystems, Foster City CA) 

with upgraded source (Ionics, Bolton, Ontario) interfaced with a Cohesive HPFC (Franklin, 

MA), as described (Schugar et al., 2017). TMAO-trimethyl-d9 (d9-TMAO) and TMA-d9 

(d9-TMA) were used as internal standards, and TMAO and TMA standards and internal 

standards were spiked into control sera to prepare calibration curves. Stable isotope dilution 

liquid chromatography with tandem mass spectrometry (LC/MS-MS) was used to quantify 

circulating trimethylamine N-oxidc (TMAO) in positive ion multiple reaction monitoring 

(MRM) mode using characteristic parent to daughter ion transitions: m/z 76.00 → 59.10 

for TMAO and m/z 85.00 → 66.25 for D9-TMAO as described previously described with 

slight modifications (Wang et al., 2011). Briefly, proteins from plasma samples (10 μL) 

were precipitated with ice cold methanol containing D9-TMAO as internal standard. After 

vortexing and centrifugation, supernatants were injected on a Luna silica column (2.0 × 150 

mm, 5 μm; Phenomenex, Torrance, CA, USA) at a flow rate of 0.35 ml/min composed of 

solvent A, 0.1% propionic acid in water, and solvent B, 0.1% acetic acid in methanol, using 

a Shimadzu Nexera Ultra High Performance Liquid Chromatograph system interfaced with 

Shimadzu 8050 Triple Quadrupole Mass Spectrometer (Shimadzu, Kyoto, Japan). Liquid 
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chromatography gradient starting from 100% A over 1 min, then to 10% B over 4 min, then 

to 50% B over 4 min, and then to 100% B over 0.5 min, followed by 100% B and A washing 

for 3 min was used to resolve analytes. Spectra were continuously acquired after the initial 2 

min.

LC-MS global metabolomics of mouse cecal samples—From the LTR experiment, 

16 P23 samples (6 C, 5 1P, and 5 CMT) were subjected to LCMS analysis to detect 

and identify putative metabolite structure and assess their relative quantities, at the NYU 

Metabolomic core, as described (Jones et al., 2014). A MilliporeTM ZIC (1.0 ×l50 mm, 

3.5 μm), an LC column, was coupled to a Dionex Ultimate 3000TM system at 25°C for 

the gradient elution. With a 1 μL injection volume, the flow rate was 75 μL/min with 

10 mM ammonium formate in water (A), or acetonitrile (B). The gradient profile was: 

85-85%B (0-5 min), 85-77.5%B (5-5.1 min), 77.5-77.5%B (5.1-7 min), 77.5-70%B (7-8.5 

min), 70-70%B (8.5-14 min), 70-5%B (14-15min), 5-5%B (15-17 min), 5-85%B (17-18 

min), 85-85%B (18-24 min). MS analyses coupled the LC system to a Thermo Q Exactive 

HFTM mass spectrometer operating in heated electrospray ionization mode (HESI). Method 

duration was 20 min with a polarity switching data-dependent Top 5 method for both 

positive and negative modes. Spray voltage for both positive and negative modes was 3.5kV 

and capillary temperature was set to 320°C with a sheath gas rate of 35, aux gas of 10, 

and max spray current of 100 μA. The full MS scan for both polarities utilized 120,000 

resolution with an AGC target of 3e6 and a maximum IT of 100 ms, with scan range from 

110-1000 m/z. Tandem MS spectra for both positive and negative mode used a resolution of 

15,000, AGC target of 1e5, maximum IT of 50 ms, isolation window of 0.4 m/z, isolation 

offset of 0.1 m/z, fixed first mass of 50 m/z, and 3-way multiplexed normalized collision 

energies (nCE) of 10, 35, 80. The minimum AGC target was 1e4 with an intensity threshold 

of 2e5. All data were acquired in profile mode.

Measurement of fecal IgA—Mouse fecal samples were resuspended in PBS at a 

concentration of 50 mg/mL by extensive vortexing, allowed to stand for 20 min on ice, 

and centrifuged at 16,000 g for 10 min to collect supernatant, as described (Haneberg 

et al., 1994; Ruiz et al., 2017). Each supernatant was assessed for IgA using the Mouse 

IgA ELISA Kit (Bethyl, Montgomery TX) with suitable dilutions, according to the 

manufacturer’s instructions, and absorbance was measured at 450 nm using the SpectraMax 

iD3 Multi-Mode Microplate Reader (Molecular Devices, San Jose CA).

Measurement of fecal and cecal trypsin activity—Mouse cecal or fecal content 

trypsin activity were quantitated based on colorimetric-based assay (Norin et al., 1986) 

(Abcam, Cambridge UK) following the manufacturer’s instructions. Briefly, 10 mg mouse 

cecal or fecal content samples were diluted in 100 μL trypsin assay buffer and homogenized. 

Homogenized samples were centrifuged for 5 min at 4°C, at −22,000 g to remove insoluble 

materials and supernatants collected. Absorbance was measured immediately at 405 nm 

using Dynex Mrx Revelation micro-plate reader (Chantilly VA). The values of active trypsin 

of each sample were obtained by the standard curves generated in the same assay according 

to the kit protocol. Using an in-lab trypsin assay kit, fecal samples (5mg) were homogenized 

in 100 μL 0.1M Tris buffer (pH 8.2), and supernatant (50 μL) of each sample homogenate 
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was incubated with 1ul of chymotrypsin inhibitor (TPCK, Sigma-Aldrich) at 25 C for 10 

min, then 10 μL 0.003 M BAPNA (N-benzoyl-DL-argine-4 nitroanilide hydrochloride) was 

added to each sample well. After incubation at 25 °C for 10 min, 405 nm absorbance was 

measured using SpectraMax iD3 Multi-Mode Microplate Reader (Molecular Devices, San 

Jose CA) and compared with standard curves from titration series of bovine pancreatic 

trypsin (Sigma-Aldrich).

RNA-Seq—Total RNA of the ileal tissues was extracted from mouse tissues using the 

PureLink™ RNA Mini Kit (Life Technologies, Eugene OR), and contaminating genomic 

DNA removed by treatment with DNase I (Qiagen). Total RNA quality and quantity 

were determined using the NanoDrop ND-1000 UV-Vis Spectrophotometer (NanoDrop 

Technologies, Inc., Wilmington DE), and Agilent 2100 Bioanalyzer (Agilent Technologies, 

Santa Clara CA). RNA-Seq was performed using the Illumina Hiseq 250 at the New York 

University Langone Genome Technology Center, as described (Ruiz et al., 2017). Reads 

were aligned to the mouse GENCODE GRCm38.p5 (M14 release) genome with STAR 

v2.5.2b (Dobin et al., 2013), and were mapped against annotated genes with the read 

summarization program FeatureCounts (Liao et al., 2014). Differential expression analysis 

and KEGG pathways visualization was performed using DESeq2 in the R-package (Love 

et al., 2014). Unsupervised hierarchical clustering was generated using the Seq-N-Slide 

sequencing data analysis pipeline (https://github.com/igordot/sns).

NanoString analysis for immune genes and microRNA—For NanoString 

analysis, total RNA of ileum tissue and total RNA of FACS obtained small intestinal 

epithelial cells was extracted with QIAgen miRNeasy mini Kit (QIAgen) according 

to manufacturer’s instructions. The expression profile of total 547 immune genes for 

each RNA samples was evaluated using the nCounter XT mouse immunology kit 

with XT_PGX_MmV1_Immunology Code Set (NanoString Technologies, Seattle WA) 

at Rutgers Cancer Institute of New Jersey Immune Monitoring Core Facility. Counts 

were first filtered away no detected genes based on internal negative controls, and 

normalized according to manufacturer’s instructions, and Spearman’s rank correlation 

Principal component analysis were performed based on 414 expression-detected genes 

using statistical software XLSTAT data analytics package (Addinsoft, New York NY), and 

heatmap was generated based on the normalized counts of 65 significantly differentiated 

immune genes between each other groups (p<0.05) using statistical software Heatmapper 

(Babicki et al., 2016). The expression profile of 599 mouse miRNAs for each RNA sample 

was evaluated using the nCounter Mouse v1.5 miRNA Expression Assay kit (NanoString 

Technologies) at the New York University Langone Genome Technology Core. Counts were 

normalized according to manufacturer’s instructions, Heat maps were generated using the 

pheatmap package in R (Kolde and Vilo, 2015).

RT-qPCR for host target gene expression—To evaluate specific gene expression in 

mouse ileum, colon, and ileum epithelial cells, cDNA was synthesized from total RNA 

samples above with the Verso cDNA Synthesis kit (Thermo Scientific, Waltham MA) 

according to the manufacturer’s instructions. qPCR was run in a LightCycler 480 system 

(Roche, Branchburg NJ) using 10 ng synthesized cDNA, target gene-specific primer pairs 
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based on Primerbank (Wang and Seed, 2003) (Table S8) and QuantiTect SYBR® Green 

PCR Kit (Qiagen). Target mRNA was normalized to 18S rRNA or housekeeping gene HPRT 

as an internal control in each sample. For group mean comparisons, the Mann-Whitney U 
test was performed with p-value <0.05 indicating significance.

Analysis of alternative splicing patterns—To investigate how the alternative splicing 

patterns in host cells are affected by PAT and CMT, we used the percent spliced-in index 

(PSI) (Venables et al., 2008) to quantify the relative abundance of the alternative exons, and 

compared the PSIs of the same exons in the three experimental groups. The PSI of an exon 

is defined based on the ratio between RNAseq reads including or excluding the exon:

PSI = IR
IR + ER,

where IR and ER denote the normalized RNA-seq read counts including and excluding the 

exon, respectively. These two terms are defined as

IR = number of reads including the exon
exon length+read length − 1 ,

ER = number of reads excluding the exon
read length−1 .

We performed transcriptome-wide quantification of PSI values following an established 

protocol (Schafer et al., 2015). The reads were mapped to the reference genome GRCm38 

using the aligner STAR version 2.5.2a. The candidate alternative exons were identified from 

the GENCODE transcriptome annotation M10 (Frankish et al., 2019).To identify the exons 

with differential PSIs in the three groups, we first filtered the exons having constant PSIs or 

<5 mapped reads. Then, we performed ANOVA to identify the statistically significant exons 

with different mean PSIs among the three groups and Welch’s t-test to compare between 

each two groups among the three groups. We also performed a principal component analysis 

(PCA) to investigate the relative similarity of the RNAseq samples based on the PSIs of the 

identified exons.

Nano-liquid chromatography and electrospray ionization tandem mass 
spectrometry of global histone PTMs—Histone extracts were prepared from flash­

frozen post-mortem ileum and liver from P23 and P42 mice (n=5 biological replicates 

per treatment and timepoint) and prepared for analysis by liquid chromatography coupled 

to tandem mass spectrometry (LC-MS/MS) as described (Krautkramer et al., 2016). For 

each sample, 0.3 μg of derivatized histone peptides was injected onto Thermo EASY-nLC 

1200 with a reverse-phase column packed in-house (Reprosil-Pur C18-AQ 3 μM particles 

C18 (Dr. Maisch GmbH, Ammerbuch, Germany), 150 mm x 0.075 mm inner diameter 

(silica tubing from New Objective, Woburn MA)). Mobile phase consisted of 0.1% formic 

acid in water (A) and 0.1% formic acid in acetonitrile (B). Samples were resolved over 

the following gradient: 2-30% B over 35 min, 30-80% B over 20 min, followed by 10 
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min at 80% B and equilibration to 2% B between each injection. Data were acquired 

in DIA mode on a Thermo Q Exactive HF-X operating in positive polarity. Full MS1 

scans were obtained at resolution 60,000; AGC target 1x106; and maximum fill time 

25ms, and a scan range of 390-910 m/z. DIA scans were obtained with the following 

settings: 10m/z non-overlapping isolation windows; resolution 30,000; AGC target 1x106; 

maximum fill time 60 ms; loop count 15; and stepped normalized collision energy at 

30, 33, and 35. Raw DIA data were imported into Skyline (MacLean et al., 2010; 

Pino et al., 2020). Daily v. 20.1.1.158 and matched to an in-house spectral library and 

quantified as described (Krautkramer et al., 2016; Krautkramer et al., 2015). Data are 

reported as a percentage of the peptide family total, where a peptide family is defined as 

a group of peptides spanning the same residues within a histone protein, (e.g.: Histone H3 

residues 18-26 (KQLATKAAR), which contains lysine residues 18 and 23, is a peptide 

family comprised of the following members: K18ac+K23un, K18un+K23ac, K18ac+K23ac, 

K18me1+K23un, K18un+K23me1, and K18un+K23un). Isobaric and co-eluting peptides 

were not deconvoluted and are denoted accordingly (a single abundance value for K18ac 

K23un and K18un K23ac is labeled as K18ac/K23ac and histone H4 peptides containing 1-3 

acetylated lysines are denoted as H4 1ac, H4 2ac, and H4 3ac). Exported peak values from 

Skyline were normalized within peptide families to the total area prior to calculation of fold 

changes and statistical analyses. Statistically significant differences were defined by p<0.05 

by one-way ANOVA with a Tukey’s HSD post-test.

Multi-omic analysis—Using MMvec (Morton et al., 2019), we aimed to detect co­

occurence associations between taxa in the gut microbiome and host intestinal gene 

expression profiles. To bolster the number of samples with paired profiling available, we 

combined samples from the current study with our previous study (Zhang et al., 2018). To 

mitigate batch effects, we subset to only taxa and genes observed in both studies. First, we 

used DEICODE to examine if there were batch effects between the two studies. DEICODE 

robust Aitchison PCA was used to examine differences in β-diversity using compositionally 

robust methods (Bolyen et al., 2019; Martino et al., 2019; Vazquez-Baeza et al., 2017; 

Vazquez-Baeza et al., 2013). Then a total of 1336 host intestinal pathways in male NOD 

mice from the C, 1P and CMT in the current and previous studies (Zhang et al., 2018) 

identified by RNAseq and 188 fecal taxa of these mice as identified by 16S sequencing 

were applied into a co-occurrence model which outputs rankings using a neural network 

(Morton et al., 2019). For each taxon, the top 10 pathways according to rank were selected 

as edges in the network. The assembled network was visualized using a force-directed layout 

in Cytoscape (Shannon et al., 2003).

Assessment of mitochondrial DNA relative abundance with qPCR—Total DNA 

with nuclear DNA and mitochondria DNA was extracted from quick-frozen P12 NOD 

mouse ileum tissue samples using the DNeasy Blood & Tissue Kit (Qiagen, Valencia CA). 

To evaluate mitochondria relative abundance in cells, mitochondria DNA (MtDNA) was 

quantified by qPCR using mouse mtDNA-specific primer pairs as described (Malik et al., 

2016), and 18S nuclear DNA quantified by qPCR using mouse 18S specific primer pairs 

(Kuchipudi et al., 2012) to provide a cell nuclear reference. The ratio of MtDNA/18S 

nuclear DNA of control group and antibiotic group (n=12 samples per group) was used to 
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calculate the differential significance of relative mitochondrial abundances between control 

and antibiotic-treated mice.

Co-culture assay—Fresh Caco-2 cells were seeded with high density to 6-well tissue 

culture plates (Corning) in MEM medium with 10% FBS without antibiotics (2 ml per 

well), cultured to >90% confluence, then co-cultured with each of following materials per 

treatment [200 μl of 0.22 μm-filtered cell-free supernatant components from PBS (10 ml)­

suspended pooled cecal contents (500 mg) of C or 1P NOD mice at P23; 200 μl of freshly 

cultured and PBS-prewashed bacterial cells (2.5×108 cells/ml) of S24-7 family bacterial 

MH8C strain (S24-7) (gift from the Carolina Tropini Lab) or E. coli K12 strain (E. coli), or 

200 ul of propionic acid (PA) (10 mM in PBS) or PBS as reference control (PBS)] for 8 h at 

37C in 5% CO2 conditions. The attached cells were washed with ice-cold PBS and subjected 

to TRIzol reagent (Qiagen). RNA were extracted, cDNA were synthesized, RT-qPCR were 

performed as above to evaluate expression of the host genes, CD44, REG3G, and NFkB 

genes using primer pairs for Homo sapiens gene sequences in Primerbank (Wang and Seed, 

2003) and using 18S rRNA as reference using Homo sapiens 18S primer pairs (Schmittgen 

and Zakrajsek, 2000) (Table S8).

Immunoblot analysis—Allprotect Tissue Reagent (Qiagen)-stabilized mouse tissues of 

control and mouse were lysed by sonication in RIPA lysis and extraction buffer (Thermo 

Scientific Pierce, Rockford IL) with protease inhibitor cocktail (Thermo Scientific). Then 

lysates was separated by SDS-PAGE (Expedeon Inc. San Diego CA), transferred to 

PVDF membrane (Thermo Scientific). Membranes were blocked in TPBT with 3% BSA 

for 1 h at room temperature and incubated with primary antibodies, rabbit anti-Reg3γ 
(Abcam, ab198216) or mouse anti-β-Actin (Sigma, A2228) according to instructions of the 

manufacturer. Immunodetection of targets were performed using horseradish peroxidase–

conjugated anti-rabbit or anti-mouse polyvalent sheep immunoglobulin secondary antibodies 

and using chemiluminescence reagents, SuperSignal West Femto Chemiluminescent 

Substrate (Thermo Scientific) or Amersham ECL Western Blotting Detection Reagents (GE 

Healthcare, Piscataway NJ) in accordance with the manufacturers’ instructions.

Immunohistochemistry—Mouse ileum tissue were collected during, fixed in 10% 

neutral buffered formalin for 24 h, and processed into paraffin blocks according to standard 

procedures by the Rutgers Cancer Institute of New Jersey Biospecimen Repository and 

Histopathology Service Shared Resource. The Immunohistochemistry was performed on 

the Discovery XT immunostainer. The DAB kit was automatically dispensed according 

to the general protocol. Rabbit anti-Reg3γ (Abcam, ab198216) was used as primary, 

and secondary antibodies were manually dispensed accordingly. Counterstain for the 

procedures was Hematoxylin. Specimens were digitized at 20x at Rutgers Cancer Institute 

of New Jersey Biomedical Informatics shared resource using an Olympus VS 120 whole 

slide scanner (Olympus Corporation of the Americas, Center Valley, PA). Image analysis 

protocol was custom developed on Visiopharm image analysis platform (Visiopharm A/S, 

Hoersholm, Denmark) to identify specifically stained cells/particles and compute its area 

burden on affected tissue.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis were done by using GraphPad Prism 8.0 (GraphPad Software), QIIME2.0 

(Bolyen et al., 2019), and R package (R Core Team, 2017). Mann-Whitney U test was 

performed using a 95% confidence interval to determine difference among different groups, 

for quantifying microbiome α-diversity Faith’s PD (Figure1B), relative expression of genes 

(Figure1E, 4D), relative abundances of specific taxa (Figure 3AB), metabolites (Figure 4A), 

and normalized abundance of miRNA (Figure 5C) with “n” representing mouse number, 

and for quantifying co-culture cell gene expression (Figure 6B) with “n” representing 

independent cell cultures. Statistical details were indicated in the Figure legends. Welch’s 

t-test was performed using a 95% confidence interval to determine difference among 

different groups for quantifying differential splicing rates of exons (Figure 4D), with 

“n” representing mouse number. Statistical details were indicated in the Figure legend. 

One-way-ANOVA for multiple comparisons were performed to determine difference among 

different mouse groups for α-diversity overtime measuring Faith’s PD evenness (Figure 

2C upper panel). One-way-ANOVA with Tukey’s HSD post-test for correction for multiple 

comparisons were performed to determine difference among different mouse groups for 

β-diversity analysis of cecal and fecal microbiome (Figure 1C, 2D), α-diversity over time 

measuring Pielou evenness (Figure 2C lower panel), histone acetylation and methylation 

(Figure 5A), with “n” representing mouse number. Statistical details were indicated in the 

Figure legends. For Kaplan-Meier analysis of T1D incidence (Figure 2B), statistical analysis 

was performed by the Gρ,γ weighted log rank test, and post-hoc pairwise comparisons 

were adjusted by a Benjamini-Hochberg procedure. For different taxa analysis (Figure 

2E), the ANCOM program (Mandal et al., 2015) within QIIME2.0 (Bolyen et al., 2019) 

was used. For Differentially abundant pathways analysis (Figure 3D), MaAsLin2 (Mallick 

et al., 2021) with FDR correction was used with features corrected q-value <0.1 were 

identified as significant. Principle component analysis (PCA) were calculated using Bray­

Curtis measurements for metagenomics pathway distribution (Figure 3C) and global RNA 

PSI distribution (Figure 4C). Statistical details were indicated in the Figure legends and Star 

Methods. DEICODE robust Aitchison PCA using compositionally robust methods (Bolyen 

et al., 2019; Martino et al., 2019; Vazquez-Baeza et al., 2017; Vazquez-Baeza et al., 2013) 

for multi-omic analysis (Figure 6A). Statistical details were indicated in the Figure legends 

and Star Methods.
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Highlights:

• Cecal microbiota transfer (CMT) rescued antibiotic-induced T1D 

enhancement in NOD mice

• CMT restored potential T1D-protective bacterial taxa

• CMT restored global patterns of gene expression and modifications in the 

ileum

• The study reveals a regulatory network of innate immunity sensing intestinal 

signals
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Figure 1. Study design, microbiome and ileal gene expression analysis of STR experiment.
A) Study design. Pregnant NOD/ShiLtJ mice were randomized into six groups. Pups in 

five groups received atylosin course (1PAT; 1P) from P5-P10 and then were gavaged at 

P15 with broth alone (1P with broth), or with one of four pools of donor cecal contents 

in broth (i: CMT containing Pup-P5, ii: Mom-P5, iii: Mom-P0 and iv: Mom-T-P0 cecal 

contents). One pup group did not receive 1P (Control; C), and mice were gavaged in 

parallel at P15 with broth alone (C with broth). Mice (n=6-18/group) were followed and 

sacrificed at P28 and P42 to assess effects of the gavages on the microbiota and on ileal 
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gene expression. B) α-diversity of cecal microbiome at P28 and P42, with rarefaction at 

3000 sequences/sample, in mice receiving the different gavages. mean±SD shown, *p<0.05; 

***p<0.001; ****p<0.0001; Mann-Whitney U test. C) β-diversity of cecal microbiome in 

mice receiving the different gavages, as measured by unweighted UniFrac analysis. Groups 

are: C(Broth), control pups receiving blank broth: 1P(Broth), 1P pups receiving blank broth; 

CMT(Mom-P0), 1P pups receiving CMT from normal dams at day of birth. **p=0.0017; 

one-way-ANOVA with Tukey’s HSD post-test for multiple comparisons. D) Volcano plot of 

RNAseq-based differential ileal gene expression at P42 between C and 1P mice receiving 

broth alone (upper panel), and between 1P mice receiving Mom-P0 (CMT) and 1P mice 

receiving broth alone (1P) (lower panel) (n=3 mice/group). In the upper panel, the 10 

genes most differentiated by 1P(Broth) are Trim71, Fgf4, Tmprss2, Rarres1, Gdf3 (repressed), 

and Oasl1, Hyou1, Angptl4, Slfn4, Syvn1 (induced). In the lower panel, the 10 genes 

most differentiated by CMT(Mom-P0) are Hoxb5-8 (repressed), and Gimd1, Mroh7, Trim38, 

Gata4, Slc34a3, Peg10 (induced). E) RT-qPCR-based P28 ileal gene expression of Nos2, 

Muc2, Muc4, Runxl, Foxp3, CD3g, Saa1/2 and TNFα. Group 1: C(Broth), Group 2: 1P(Broth), 

Group 3: CMT(Mom-P0), Group 4: CMT(Mom-T-P0), 1P pups receiving CMT from dams on 

the day of birth who were exposed during pregnancy to tylosin. Mean±SD shown; n=6-14 

mice/group; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; Mann-Whitney Utest. Related 

to Figure S1D, Tables S1,S2.
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Figure 2. Effect of CMT on T1D development and early-life fecal microbiome in a longterm 
restoration (LTR) experiment.
A) Design of LTR experiment. Pregnant NOD/ShiLtJ male mice were randomized into 

three groups: Control mice gavaged with PBS at P13-17 (group C); antibiotic-treated (1P) 

mice receiving either PBS (group 1P) or gavages of Mom-P0 cecal contents (group CMT). 

Mice (n=20/group) were tested weekly for diabetes by blood glucose measurement from 

weeks 11-30. In addition, to provide specimens for the intermediate analyses of mechanism, 

72 mice were sacrificed earlier [12 each in the C, 1P, and CMT groups at P23, and six 
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in each group at P42 (n=18) and at P70 (n=18)]. Symbols indicate times at which the 

fecal microbiome was analyzed by *16S rRNA sequencing, and +shotgun metagenomic 

sequencing, or a subset was #sacrificed for examining ileal and cecal tissues and contents, 

and metabolomics. B) Kaplan-Meier analysis of T1D incidence in mice (n=20/group). The 

first T1D case occurred at P84; after P154, the 3 groups were clearly differentiated in 

T1D outcomes. Statistical significance was determined by the Gρ,γ weighted log rank 

test (Fleming and Harrington, 1991). Post-hoc pairwise comparisons were adjusted by 

a Benjamini-Hochberg procedure. C) α-diversity overtime measuring Faith’s PD and 

Pielou evenness. Upper panel: ***p<0.001, one-way ANOVA; Lower panel: *p<0.01, 

***p<0.001, ns p>0.05, one-way ANOVA with Tukey’s HSD post-test. D) β-diversity, 

as determined by unweighted UniFrac analysis of the fecal microbiota of the three 

groups. Inter-group UniFrac distances were all significant (p<0.0001), one-way-ANOVA 

with Tukey’s HSD post-test. E) Early-life taxa significantly under-(red) or over-(blue) 

represented in either the STR or LTR experiments in CMT compared to 1P mice, according 

to MaAsLin2 analysis. The abundance of taxa marked with • were significantly different in 

1P compared to C and also were restored by CMT (also see Figure S1A). Analysis identified 

a set of genera (from family S24-7, orders Clostridiales and RF32 and genera Dorea and 

Oscillospira) significantly decreased by 1P but increased by CMT, and also identified a set 

of genera (from family Enterobacteriaceae, and genera Blautia and Proteus) significantly 

increased by 1P but decreased by CMT. “g” indicates unclassified genus below the family or 

Order levels. Related to Figures S1,S2.
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Figure 3. CMT effects on specific bacterial taxa and on bacterial metabolic pathways.
A)Oscillospira genus relative abundance with respect to the average microbe in groups 

(C, 1P and CMT) at P23, P35 and P49 (left panel), changing with time (middle panel); 
and in the mice that developed T1D early (E) or late or never (L) within each treatment 

group (right panel). B) S24-7 family relative abundance in groups (C, 1P and CMT), at 

P23, P35 and P49; Analysis was performed by QIIME2 based on serial fecal samples from 

19~20 mice/group. Mean±SEM shown; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; 

Mann-Whitney Utest. C) Metagenomic (MetaCyc) pathway distribution (Caspi et al., 2018) 
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at P23 and P35 in C (blue, n=6), or 1P (red, n=6), or CMT mice (green, n=8) visualized by 

principal component analysis; D) Unsupervised clustering of 48 fecal microbial pathways 

with significant differences at P23. A group of 29 pathways, which were restored to control 

levels by CMT, is highlighted within the red box [see Table S2]. A subgroup of 5 pathways 

with the greatest consistency between CMT and C is highlighted within the blue box, 

including three fatty acid salvage, and two fatty acid β-oxidation pathways [also see Figures 

S1D,S1E]. E) Comparison of the relative abundance of the most abundant genes in the 

fatty acid metabolism-related pathways most restored by CMT. Of the 5 pathways, the eight 

genes with highest relative abundance (D4ILA3-B4EVV3) encode long-chain acyl-CoA 

synthetases and ligases (E.C.6.2.1.3; n=5) or 3-ketoacyl-CoA thiolases (E.C.2.3.1.16; n=3) 

and long-chain fatty acid CoA ligases (n=2). Mean±SD shown from determinations in 

5.2±1.7 individual mice/group [also see Figures S1D,S1E]. Related to Figures S1,S2,S3, 

Tables S3,S4.
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Figure 4. CMT effects on early life metabolism and ileal gene expression.
A) CMT rescues early life metabolism. Upper panels: Relative quantitation of 9 cecal 

metabolites, identified by untargeted metabolomics, with significant differences at P23 

between the C and 1P, with restoration by CMT (n=5-6 mice/group, median±range 

shown). Lower panels: Quantitation of 3 targeted metabolites at P23 (n=10-11 mice/

group, mean±SD shown). Cecal propionic acid and lactic acid, and plasma TMAO. 

*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; Mann-Whitney Utest. B) Heat map 

showing unsupervised hierarchical clustering of the P23 ileal genes with the most highly 
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differentiated expression across the three groups (C, 1P, CMT, n=4 mice/group) using the 

Seq-N-Slide sequencing data analysis pipeline (https://github.com/igordot/sns). The green 

boxes highlight the specific genes that were restored in the CMT group. C) Principal 

Component Analysis of global ileal RNA percentage spliced-in index (PSI) distribution 

in the three groups: C (n=4; blue); 1P (n=4; red); CMT (n=4; green). D) Differential 

splicing rates for a 207-nt exon of CD44 (ID: ENSMUSE00000429028) (Left) and a 

4-nucleotide retained intron of Reg3γ (between ID: ENSMUSE00000194370 and ID: 

ENSMUSE00001055347) (Right) in the three groups. PSI in C, 1P, CMT groups (n=4 

mice/group, median±range shown). *p <0.05; Welch’s t-test. E) Expression of indicator 

genes, determined by specific RT-qPCRs. Top: Reg3γ expression in whole ileum (n=9-11 

mice/group) and in ileal epithelial cells (n=4 independent cell collection/group) at P23. 

Bottom: TLR2 expression in P23 and P42 ileum (n=8-11 mice/group). Mean±SD shown; 

*p<0.05; **p<0.01; ***p<0.001; Mann-Whitney U test. Related to Figures S3,S4,S5,S6, 

Table S5,S7.
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Figure 5. CMT effects on early-life ileal histone modification and microRNA profiles.
A) CMT rescues long-term histone acetylation and methylation at specific sites at P42. 

High-abundance, representative peptides [Left: Histone H3.3: K27ac K36un acetylation and 

Right: Histone H3.3: K27me3 K36un] are shown as a percent of the peptide family total. 

Medians and IQR are shown. Whiskers extend to points within 1.5 interquartile ranges of the 

lower and upper bounds, and points outside this range are graphed as individual points. n=5 

mice/group, *p<0.05, **p<0.01, One-way ANOVA with Tukey’s HSD post-test. B) Heat 

map showing unsupervised hierarchical clustering of the 46 most abundant and significantly 
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differential miRNAs by NanoString in the C, 1P and CMT groups (n=4 mice/group) at 

P23. C) Normalized abundance of eight miRNAs (miR145, miR143, miR155, miR142-5p, 

miR23a/b & miR130a/b) that regulate CD44, TLR2, and Reg3γ. n=4 mice/group, mean±SD 

shown, *p<0.05; **p<0.01; Mann-Whitney U test. Related to Figures S4,S5, Table S6.
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Figure 6. Multi-omic analysis of microbe-host gene expression interactions and verification of 
key targets in the network.
A) Multi-omic analysis of microbe-host gene expression interactions. A total 1336 host 

pathways of C, 1P and CMT mice in the previous (Zhang et al., 2018) and current study 

identified by RNAseq and 188 fecal taxa of these mice identified by 16S sequencing were 

applied to a co-occurrence model using MMvec that outputs rankings (Morton et al., 2019). 

The network was visualized using Cytoscape, with taxa colored by Family and node size 

scaled to mean relative abundance of the OTU. Differential abundance was calculated using 

Songbird (Morton et al., 2019), comparing the three groups. We grouped taxa based on the 
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over- or under-representation in 1P. B) Effects of intestinal luminal contents on expression 

of key host genes in intestinal epithelial cells in culture. To extend our observations and 

to verify targets identified in the multi-omic analysis, human Caco-2 intestinal epithelial 

cells were co-cultured for 8 h with cell-free supernatants from cecal contents of C and 

1P mice at P23, or with bacterial cells of S24-7 strain MH8C or E. coli strain K12, or 

with propionic acid (PA), or PBS as a blank control (PBS). The cells were collected, RNA 

extracted and RT-qPCR performed to evaluate expression of 3 targeted host genes, Reg3γ 
and CD44, identified in the NOD mouse model as potential differential players in immune­

regulatory pathways, as well as NFkB as a master regulator of inflammatory responses. 

mean±SD shown; n=6 independent culture/group; *p<0.05; **p<0.01; Mann-Whitney U 
test between each pair of stimuli. C) Immunohistochemical staining of Reg3γ in ileal 

tissue in NOD mice at P23. Formalin-fixed and paraffin-embedded ileal tissues of C (left) 

and 1P (right) mice were stained with rabbit anti-Reg3γ-specific primary antibody, goat 

HRP α-rabbit secondary antibody and visualized with 3,3’-diaminobenzidine and with 

hematoxylin as counter-stain. Arrowheads illustrate some of the cells expressing Reg3γ. 

Scale bar is 100μm. D) Immunoblot analysis of 1P effects on pancreatic Reg3γ in NOD 

mice at P23. Total protein extracts from pancreatic tissue lysates were subjected to SDS­

PAGE for immunoblotting with rabbit anti-REG3G to compare Reg3γ protein levels and for 

immunoblotting with mouse anti-Actin as a loading control.
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Figure 7. Summary of mechanisms perturbed by 1PAT and restored by CMT.
Changes in the microbiome affecting the balance of commensals and opportunists (e.g. 

Enterobacteriaceae), and thus in the intestinal lumen and their metabolites, led to alterations 

in intestinal cell gene regulation affecting innate immune effectors. The altered balance 

of these effectors shapes the milieu relevant to adaptive immunity that is injurious to the 

pancreatic islets. Related to Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Reg3γ Abcam Cat # ab198216

anti-β-Actin Sigma Cat # A2228

anti-CD45-FITC ThermoFisher Scientific Cat # 11-9459-42

anti-EpCAM-APC ThermoFisher Scientific Cat # 17-5791-80

anti-CD16/CD32 ThermoFisher Scientific Cat # MA5-18012

Bacterial strains

S24-7 C. Tropini Lab Strain MH8C

E. coli Blaser Lab Strain K12

Biological samples

Fecal samples (mouse) This study N/A

Cecal content samples (mouse) This study N/A

Pancreatic tissue (mouse) This study N/A

Ileal tissue (mouse) This study N/A

Colonic tissue (mouse) This study N/A

Liver tissue (mouse) This study N/A

Serum (mouse) This study N/A

Ileal epithelial cells (mouse) This study N/A

Chemicals, peptides, and recombinant proteins

Tylosin tartrate Sigma-Aldrich Cat # T6271

Critical commercial assays

DNeasy PowerSoil-HTP 96 Well Soil 
DNA Isolation Kit

Qiagen Cat # 12955-4

QIAamp Powerfecal DNA Kit Qiagen Cat # 51804

Qiaquick PCR purification kit Qiagen Cat # 28104

miRNeasy mini Kit Qiagen Cat # 1038703

QuantiTect SYBR® Green PCR Kit Qiagen Cat # 204145

Quant-iT PicoGreen dsDNA assay kit Life Technologies Cat # P11496

PureLink™ RNA Mini Kit Life Technologies Cat # 12183025

Verso cDNA Synthesis kit ThermoFisher Scientific Cat # AB1453B

TruSeq RNA Sample Preparation Kit v2 Illumina Cat # RS-122-2001

nCounter Mouse v1.5 miRNA 
Expression Assay kit

NanoString Technologies NS_M_MIR_V1.5

nCounter XT mouse immunology kit NanoString Technologies XT_PGX_MmV1

Deposited data

RNA-Seq data This study ArrayExpress database: accession codes E-MTAB-9981 & 
E-MTAB-9982

NanoString data This study NCBI Gene Expression Omnibus: accession codes 
GSE163887 & GSE163888
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REAGENT or RESOURCE SOURCE IDENTIFIER

16S rRNA data This study QIITA: identifier 13529

Shotgun metagenomics data This study European Nucleotide Archive (ENA): accession number 
PRJEB42282

Mouse genome The Ensembl Project http://useast.ensembl.org/Mus_musculus/Info/Index
GRCm38.p5

Human genome The Ensembl Project http://useast.ensembl.org/Homo_sapiens/Info/Index
GRCh38.p13

Silva The SILVA rRNA database project https://www.arb-silva.de/
Release of December 2019
RRID:SCR_006423

GENCODE transcriptome annotation The Gencode Project https://www.gencodegenes.org/mouse
Release M10
(GRCm38.p4)
RRID:SCR_014966

Experimental models: Organisms

Mouse Jackson Laboratories NOD/ShiLtJ
RRID:IMSR_JAX:001976

Experimental models: Cell lines

Caco-2 ATCC HTB-37™
RRID:CVCL_0025

Oligonucleotides

Bacterial Universal 16S primer pair 
338F/518R in Table S8

Muyzer et al., 1993 NA

MtDNA (Mus musculus) primer pair in 
Table S8

Malik et al., 2016 NA

18S (Mus musculus) primer pair in Table 
S8

Livanos et al., 2016 NA

18S (Homo sapiens) primer pair in Table 
S8

Schmittgen and Zakrajsek, 2000 NA

Primers pairs targeting different genes in 
Table S8

Primerbank
Wang and Seed, 2003

https://pga.mgh.harvard.edu/primerbank/

Software and algorithms

STAR Dobin et al., 2013 v2.5.2b
RRID:SCR_004463

featureCounts Liao et al., 2014 http://subread.sourceforge.net/
v1.6.3

DESeq2 package Love et al., 2014 https://bioconductor.org/packages/release/bioc/html/
DESeq2.html
v1.22.2
RRID:SCR_015687

Seq-N-Slide The Ryoo Lab https://github.com/igordot/sns

QIIME2 Bolyen et al., 2019 https://qiime2.org/
v2020.8

MAFFT Katoh and Standley, 2013 https://mafft.cbrc.jp/alignment/software/
v7
RRID:SCR_011811

DADA2 Callahan et al., 2016 https://benjjneb.github.io/dada2/
v1.16

ANCOM Mandal et al., 2015 https://github.com/sidhujyatha/ANCOM
v2.0

MaAsLin2 Mallick et al. 2021 https://huttenhower.sph.harvard.edu/maaslin/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Kneaddata The Huttenhower Lab https://huttenhower.sph.harvard.edu/kneaddata/
v0.6.1

HuMAnN2 Franzosa et al., 2018 https://huttenhower.sph.harvard.edu/humann2/
v0.11.1

Ingenuity Pathway Analysis (Qiagen 
IPA)

Qiagen https://digitalinsights.qiagen.com/products-overview/
discovery-insights-portfolio/analysis-and-visualization/
qiagen-ipa/
v01-14 RRID:SCR_008653

Cytoscape National Institute of General 
Medical Sciences

https://cytoscape.org/
v3.7.1
RRID:SCR_003032

MMvec Morton et al., 2019 https://github.com/biocore/mmvec
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