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SUMMARY
Secretory immunoglobulin A (SIgA) interaction with commensal bacteria conditions microbiota composition
and function. However,mechanisms regulating reciprocal control ofmicrobiota and SIgA are not defined. Bac-
teria-derived adenosine triphosphate (ATP) limits T follicular helper (Tfh) cells in the Peyer’s patches (PPs) via
P2X7 receptor (P2X7R) and thereby SIgA generation. Here we show that hydrolysis of extracellular ATP (eATP)
by apyrase results in amplification of the SIgA repertoire. The enhanced breadth of SIgA inmice colonizedwith
apyrase-releasing Escherichia coli influences topographical distribution of bacteria and expression of genes
involved in metabolic versus immune functions in the intestinal epithelium. SIgA-mediated conditioning of
bacteria and enterocyte function is reflected by differences in nutrient absorption in mice colonized with
apyrase-expressing bacteria. Apyrase-induced SIgA improves intestinal homeostasis and attenuates barrier
impairment and susceptibility to infection by enteric pathogens in antibiotic-induced dysbiosis. Therefore,
amplification of SIgA by apyrase can be leveraged to restore intestinal fitness in dysbiotic conditions.
INTRODUCTION

The intestine ensures the digestion and absorption of nutrients

and, concomitantly, the establishment and maintenance of a

beneficial microbial community (Chow et al., 2011). The gut

microbiota is essential for intestinal and immune system differ-

entiation, tissues homeostasis, and systemic metabolism (Som-

mer and Backhed, 2013). Alterations in themicrobial community

structure have been associated to susceptibility to diseases

(Blaser, 2006), and dysbiosis to an increasing number of medi-

cal conditions, including metabolic disorders (e.g., diabetes,

obesity), blood pressure alteration, and autoimmunity (Cerf-

Bensussan and Gaboriau-Routhiau, 2010; Dicksved et al.,

2008; Holmes et al., 2008; Larsen et al., 2010; Scher et al.,

2013; Turnbaugh et al., 2009; Wu et al., 2010). Many factors

contribute to the shaping of the gut microbiota, but specific

mechanisms responsible for host microbiota mutualism are

not thoroughly understood.

The glycan-rich gut mucous layer constitutes an essential

niche for symbionts by providing nutrients and a scaffold for
This is an open access article und
growth (Backhed et al., 2005; Li et al., 2015). Secretory immuno-

globulin A (SIgA) may enhance commensal colonization of this

microbial niche by promoting adhesion and/or nutrient utilization

of bacteria within the colonic mucus (Johansson et al., 2008; Ro-

gier et al., 2014). In fact, immunoglobulin A (IgA)-coated bacteria

contribute to host physiology and metabolism (Perruzza et al.,

2019) and are important for the preservation of commensals di-

versity and community networks in the human gut (Fadlallah

et al., 2018). Recently, a regulatory system where IgA fosters

mucosal colonization of the human intestinal commensalBacter-

oides fragilis was described (Donaldson et al., 2018; Lee et al.,

2013). Furthermore, glycan-dependent, epitope-independent

IgA coating of Bacteroides thetaiotaomicron, a prominent gut

symbiont of the phylumBacteroidetes, regulated gene transcrip-

tion and metabolism by inducing the expression of polysaccha-

ride utilization loci, which in turn promoted symbiosis with other

members of the gut microbiota and colonic homeostasis (Naka-

jima et al., 2018).

Because the immune system and the gut microbiota start

developing together at birth, it has been hypothesized that their
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Figure 1. Mice colonized with E. colipApyr develop a more diversified IgA repertoire than mice colonized with E. colipBAD28

Germ-free (GF) C57BL/6 mice were colonized with 1010 CFUs of E. colipBAD28 or E. colipApyr. Twenty-eight days after colonization, Ig repertoire analysis was

performed on IgA+ plasma cells isolated from small-intestine lamina propria.

(A and B) Hierarchical clustering (A) and significance analysis (B) of pairwise clonal (CDR3aa) overlap are shown.

(legend continued on next page)
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co-evolution selects and maintains mutualistic microorganisms

within the gastrointestinal (GI) habitats. Adenosine triphosphate

(ATP) is a ubiquitous extracellular messenger, which activates

plasma membrane receptors for extracellular nucleotides

termed P2 receptors (Burnstock, 2006). Peyer’s patches (PPs)

are the secondary lymphoid organs within the ileal mucosa,

where T cell-dependent IgA responses originate. Most lympho-

cytes localized in PPs inhabit germinal centers (GCs), where T

follicular helper (Tfh) cells interact with B cells and facilitate B

cell proliferation, Ig class-switch recombination (CSR), somatic

hypermutation (SHM), and affinity maturation (Crotty, 2011).

Because Tfh cells in PPs are essential for GC reactions and

IgA affinity maturation, they play a critical role in the modulation

of the structure and function of intestinal microbial communities

(Kawamoto et al., 2014). Tfh cells express high levels of the ion-

otropic P2X7 receptor (P2X7R) in the plasma membrane; in the

PPs, they are exposed tomicromolar concentrations of extracel-

lular ATP (eATP) released by the microbiota that permeates the

intestinal epithelium. Bacterial eATP limits Tfh cell abundance

in PPs via stimulation of P2X7R, thus promoting the generation

of a beneficial microbiota via modulation of SIgA response

(Proietti et al., 2014). We previously demonstrated that Escheri-

chia coli transformants expressing the phon2 gene from Shigella

flexneri (E. colipApyr) encoding for the highly active ATP-diphos-

phohydrolase apyrase efficiently hydrolyses intestinal ATP in

both monocolonized and specific pathogen-free (SPF) mice

(Perruzza et al., 2017; Proietti et al., 2019); hydrolysis of eATP re-

sults in Tfh cell expansion and enhanced B cell help (Perruzza

et al., 2017). Here, we investigated whether abrogation of

signaling by bacterial eATP affected SIgA repertoire structure

and intestinal homeostasis.

RESULTS

Regulation of the SIgA response and repertoire diversity
by eATP in the small intestine
In C57BL/6 germ-free (GF) mice colonized with E. colipApyr, hy-

drolysis of intestinal eATP resulted in enhanced coating of fecal

bacteria by SIgA as compared with mice colonized with trans-

formants bearing the empty pBAD28 vector (E. colipBAD28) (Fig-

ure S1A); colonization with E. colipApyr resulted in the increase

of SIgA in the small intestine, cecum, and colon (Figure S1B).

Accordingly, we observed a significant increase of IgA-secreting

plasma cells (PCs) by ELISPOT in the intestinal lamina propria

(LP) of thesemice (Figure S1C). To investigate whether reduction

of bacteria-derived ATP could have an impact on the SIgA reper-

toire, we performed high-throughput sequencing of Ig VH regions

in IgA+ PCs isolated from the LP of gnotobiotic mice colonized

with E. colipApyr or E. colipBAD28. Hierarchical clustering analysis

of the percentage of IgA CDRH3 amino acid (aa) overlap in

PCs from the two groups of animals showed significantly higher

overlap among mice colonized with E. colipBAD28 than
(C) Clonal sequence networks for each mouse repertoire were constructed, where

maximally by 1 aa. Nodes are scaled by mean number of mutations and colored

(D) Sequence similarity within each repertoire was quantified by determining the

number of similar CDR3 sequences (clones) to a specific CDR3 sequence (node

See also Figures S1A–S1C.
E. colipApyr. The control group of non-colonized GFmice showed

the highest CDR3aa overlap (Figures 1A and 1B). These data

suggest that colonization with E. colipApyr was associated with

more diversified SIgA repertoires between different animals. To

further define the architecture of the SIgA repertoire, we per-

formed clonal sequence similarity network analysis (Ben-Hamo

and Efroni, 2011; Miho et al., 2019). The number of clones iso-

lated from mice colonized with E. colipApyr or E. colipBAD28 did

not differ significantly between samples (94–132 clones), as

well as the extent of SHM (3.16–4.90 aa mutations). However,

E. colipBAD28 mice showed a higher degree of clonal expansion

of public CDR3 sequences (Li et al., 2020) with respect to

E. colipApyr mice, as indicated by a higher abundance of clones

with similar sequences within one repertoire; conversely, reper-

toires isolated from E. colipApyr mice showed a more diverse

sequence similarity distribution with less clustering, similarly to

the repertoire architecture observed in healthy unimmunized

mice (Miho et al., 2019). The sequence similarity within each

repertoire was quantified by determining the repertoire’s median

clonal degree (Greiff et al., 2015) (Figures 1C and 1D). Altogether,

these data indicate that reduction of bacteria-derived ATP by

apyrase is associated with the generation of a more diversified

SIgA repertoire in monocolonized mice.

The breadth of the anti-E. coli SIgA response conditions
the epithelial transcriptional activity and function in
monocolonized mice
We investigated if the enhancement of SIgA coating affected the

topography of E. coli in the proximal colon.We used SPFC57BL/

6 mice expressing E-cadherinmCFP treated with broad-spectrum

antibiotics (ABXs) before colonization with E. coli as a proxy for

gnotobiotic mice. Colonization of these animals with GFP-ex-

pressing E. colipBAD28 or E. colipApyr showed the distribution of

E. colipBAD28/pGFP in closer proximity to the intestinal epithelium

as compared with E. colipApyr/pGFP (Figure 2A). No differences

were observed in the thickness of the inner mucous layer be-

tween differently colonized mice. We detected similar mucous

thickness independently of apyrase also in Igh-J�/� mice, which

carry a deletion in the J segment of the Ig heavy-chain locus and

therefore are devoid of Igs (Figure S2B). These data suggest that

apyrase does not influence mucous thickness in the colon either

in the presence or absence of Igs, and that abrogation of SIgA

modulation by eATP modifies E. coli interaction with the mucous

layer and intestinal epithelium.

Next, we addressed whether apyrase-mediated enhancement

of anti-E. coli SIgA and modified topography of bacteria had an

impact on the transcriptional regulation in intestinal epithelial

cells (IECs). We performed genome-wide expression profiling

of small intestinal epithelium from GF mice colonized with

E. colipApyr or E. colipBAD28. Hierarchical clustering segregated

differentially expressed genes in three clusters corresponding

to GF, E. colipApyr, and E. colipBAD28 gnotobiotic mice (Figure 2B;
nodes represent a CDR3 clonal sequence and edges are drawn if clones differ

by publicity. Graphical explanation of the clonal sequence networks.

repertoire’s mean clonal degree. The degree of a node (clone) indicates the

). Data shown are representative of one experiment (n = 3–14).
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Table S1). Whereas a number of genes were differentially ex-

pressed in wild-type (WT) mice colonized with E. colipApyr versus

E. colipBAD28 (false discovery rate [FDR]-corrected p < 0.05, |

log2FC| > 1, where log2FC represents log2 fold-change) (Fig-

ure 2C; Table S2), strikingly, minimal differences in gene expres-

sion were detected between the corresponding Igh-J�/� mice

(Figure 2D). These data indicate that endoluminal ATP does

not substantially affect per se the transcriptional activity of ileal

IECs in gnotobiotic mice. In contrast, eATP-mediated shaping

of the SIgA response against a commensal bacterium can con-

dition IEC function.

GeneOntology (GO) enrichment analysis revealed that most of

the genes downregulated in IECs from WT mice colonized with

E. colipApyr were involved in immunity, including genes related

to defense responses against bacteria and cell-cycle regulation

(Figures 2E and S2A). In particular, Paneth cell-derived antimi-

crobial peptide angiogenin 4 (Ang4), Lyz1 and Lyz2 encoding

two isoforms of lysozyme, 14 members of Defa family encoding

for defensin a isoforms, and their processing enzymematrixmet-

alloproteinase 7 (Mmp7) were all significantly downregulated in

IECs conditioned by E. colipApyr with respect to E. colipBAD28 (Fig-

ure S2A). Moreover, genes involved in the regulation of cell cycle

(Cdk1, Cdk4, and Cdk20) and cell division (Cdc20, Bub1b,

and different members of the kinesin family) were downregulated

in mice monocolonized with E. colipApyr with respect to

E. colipBAD28.

Conversely, key genes involved inmetabolic processes govern-

ing principally lipid metabolism (Dgat2, Npc1, Pparg, Cd36, Ch25

h, Apoc2, and Apoc3) and uptake of sugars and glucose

(Slc22a18, Slc2a2, Slc5a9, and Slc5a4), amino acids (Slc3a1,

Slc17a6, Slc7a3, and Slc1a5), small peptides (Slc15a1), nucleo-

tides (Slc28a2 and Slc35a3), and ions (Slc12a2, Slc6a8, Slc40a1,

Slc30a10, andSlc30a2) were upregulated inWTmicemonocolon-

ized with E. colipApyr as compared with E. colipBAD28 gnotobiotic

mice (Figures 2E and S2A; Table S2). Thus, the downregulation

of innate immune genes in IECs by the enhanced SIgA response

was counterbalanced by the upregulation of genes involved in

metabolic functions. Accordingly, mice monocolonized with

E. colipApyr showed increased body weight gain, glycemia, serum
Figure 2. Mouse colonization with E. colipApyr versus E. colipBAD28 favo

(A) Representative images and statistical analysis of bacterial interaction with pr

surface in C57BL/6 SPFABXmice colonizedwith E. colipApyr/pGFP and E. colipBAD28/p

in E-cadherinmCFP mice; green: GFP expressing E. colipApyr or E. colipBAD28; red: a

and GFP channels. Two-tailed Mann-WhitneyU test was used. ****p < 0.0001. Rep

a full-depth, 10-mm-wide portion of the xz view of the stacks. Data shown are re

(B–E) GF C57BL/6 WT and Igh-J�/� mice were colonized with 1010 CFUs of E.

expression profiling was performed on intestinal epithelial cells.

(B) Hierarchical clustering of gene expression profiles in the intestinal epithelium

(FDR-corrected p < 0.05 and log2FC > |1.5|) (see Table S1).

(C) Volcano plot descriptive of differential gene expression in C57BL/6 mice colo

(D) Volcano plot descriptive of differential gene expression in Igh-J�/� mice colo

(dots) the differential expression (log2 fold-change [log2FC]) and its associated

an FDR-corrected p < 0.05 and log2FC > |1|. We detected 395 upregulated and 4

with E. colipBAD28. The names of strongly downregulated and upregulated genes

(E) Gene Ontology (GO) analysis of the differentially expressed genes (FDR-correc

C57BL/6 WT mice visualized as GOCircle plot. The inner ring is a bar plot wher

corrected p value), and color corresponds to the Z score, i.e., the number of genes

root of the total number of genes analyzed: z = ðn up� n downÞ
ffiffiffiffiffiffiffiffi

n tot
p . Data shown are re

ABX, antibiotic. See also Figure S2.
insulin, enhancedglucose tolerance, and fat deposition compared

with mice colonized with E. colipBAD28 (Figures 3A–3F). Consistent

with the functionofSIgA in controlling these phenomena, nodiffer-

ences in body weight and glucose homeostasis were observed

in Igh-J�/� mice monocolonized either with E. colipBAD28 or

E. colipApyr (Figures 3G–3J), suggesting an important role for

SIgA in mediating host-microbes immune-metabolic crosstalk.

To understandwhich cell typeswere responsible for this differ-

ential transcriptional activity, we applied t-statistic stochastic

neighbor embedding (t-SNE) overlay of regulated genes on pub-

licly available gene signatures of individual epithelial cells iso-

lated from the small intestine and organoids (Haber et al.,

2017) (Figure S2C). The t-SNE overlay revealed the enrichment

of the apyrase-induced signature in the mature enterocyte pop-

ulations (Figure S2D). In particular, the majority of genes that

were upregulated in IECs from WT mice colonized with

E. colipApyr were expressed in absorptive mature enterocytes

(Figures S2E and S2F), while the downregulated genes encoding

for anti-microbial peptides and cell-cycle regulators were ex-

pressed in particular by Paneth cells and transit-amplifying

stem cells, respectively (Figures S2G and S2H). Overall, these

data suggest that hydrolysis of eATP by apyrase in the small in-

testine conditions the symbiotic relationship between the host

and microbiota via amplification of the SIgA response.

The breadth of the anti-E. coli SIgA response conditions
metabolites absorption in the intestine of
monocolonized mice
To test if the transcriptional regulation induced in IECs by

E. colipApyr had an impact on nutrient absorption, we performed

targeted metabolomics analysis of portal vein serum from WT

and Igh-J�/� gnotobiotic mice. Colonization with E. coli irrespec-

tive of apyrase expression resulted in a significantly smaller di-

versity of the metabolic profiles of WT compared with Igh-J�/�

mice (Figure 4A; Marti Anderson’s PERMDISP2 [Permutational

Analyses Of Multivariate Dispersions] procedure + permutation

test, p = 0.001), suggesting SIgA could mediate ‘‘metabolic

speciation’’ of the gut ecosystem on microbial colonization. Ig

secretion appeared particularly important in regulating lipid
rs upregulation of genes involved in metabolic functions

oximal colon mucosa measured as distance of E. coli cells from the epithelial
GFP. Blue: E-cadherin coupled togmonomeric cyan fluorescent protein (mCFP)

utofluorescence signal of the mucus obtained by spectral unmixing of the CFP

resentative images are displayed as the maximum intensity projection (MIP) of

presentative of two pooled experiments (n = 7–9).

colipBAD28 or E. colipApyr. Twenty-eight days after colonization, genome-wide

of C57BL/6 GF mice and mice monocolonized with E. colipApyr or E. colipBAD28

nized with E. colipApyr versus E. colipBAD28.

nized with E. colipApyr versus E. colipBAD28. Volcano plots show for each gene

statistical significance (log10 p value). The red dots indicate those genes with

11 downregulated genes in mice monocolonized with E. colipApyr as compared

(FDR-corrected p < 10�5 and log2FC > |1.5|) are also reported (see Table S2).

ted p < 0.05 and log2FC > |1|) in E. colipApyr versus E. colipBAD28 monocolonized

e the height of the bar indicates the significance of the GO term (log10 FDR-

upregulatedminus the number of genes downregulated divided for the square

presentative of a single experiment (n = 4–5).
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Figure 3. E. colipApyr versus E. colipBAD28 monocolonized mice showed improved glucose homeostasis mediated by SIgA

GF C57BL/6 mice were either not colonized or colonized with 1010 CFUs of E. colipBAD28 or E. colipApyr. Twenty-eight days after colonization, different metabolic

parameters were evaluated in the three groups of animals. Data points represent single mice. Except where indicated, one experiment representative of three is

shown.

(A) Body weight variation over time (n = 6–7).

(B) Fasting blood glucose analysis from two pooled experiments.

(C) Serum insulin levels.

(D) Glucose tolerance test (GTT) (n = 4–6).

(E) Statistical analysis of the area under the curve (AUC) of (D).

(legend continued on next page)
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digestive and absorptive pathways because sphingolipids and

glycerophospholipids were enriched in portal vein serum from

gnotobiotic WT with respect to Igh-J�/� mice (Figure S3A).

Next, we focused on the possible role of eATP-mediated shaping

of SIgA repertoire structure in conditioning nutrient absorption.

E. coli colonization had a dominant effect on serum metabolites

composition, because colonization with E. coli, irrespective of

apyrase expression, resulted in rather homogeneous metabolic

profiles that were distinct from GF mice (Figure 4B). Neverthe-

less, the metabolic profiles between the two groups of gnotobi-

otic animals (i.e., E. colipApyr and E. colipBAD28) showed few but

relevant differences. The univariate analysis performed on the

full set of metabolites showed that the significant differences be-

tweenWTmice colonized with E. colipApyr and E. colipBAD28 were

concentrated in specific metabolic classes. Indeed, 8 of 13 aa

showed a significantly higher abundance in the portal vein serum

of E. colipApyr mice, as well as three biogenic amines and glycer-

ophospholipids. In contrast, acylcarnitines were enriched in

serum collected from E. colipBAD28mice (Figure 4C). These differ-

ences were not detected in differently colonized Igh-J�/� mice

(Figure S3B), suggesting that the alterations in metabolites

composition detected in mice conditioned by apyrase were

mediated by shaping of the SIgA response against E. coli.

Administration of apyrase-expressing bacteria
promotes maintenance of gut microbial homeostasis in
dysbiosis
SIgA has multiple functions in regulating microbiota composition

and gut homeostasis (Weis and Round, 2021). To investigate

whether SIgA enhancement by apyrase could beneficially affect

gutmicrobial homeostasis during an environmental perturbation,

we used a mouse model of ABX-mediated dysbiosis. A mix of

ABXs (vancomycin 1.25 mg, ampicillin 2.5 mg, and metronida-

zole 1.25 mg) was administered via orogastric gavage to WT

mice for 4 consecutive days. After the ABX treatment, mice

were orally gavaged for 4 days with PBS (control) or 1010 col-

ony-forming units (CFUs) of E. colipApyr or E. coli expressing a

loss-of-function isoform of the apyrase enzyme with R192P

amino acid substitution (E. colipHND19) (Scribano et al., 2014) (Fig-

ure 5A). Quantification of eATP in E. colipHND19 and E. colipBAD28

cultures showed no significant differences, suggesting that both

strains released similar amounts of ATP (Figure S1D). The anal-

ysis of metabolic and immunological parameters in ABX-treated

mice colonized with E. colipHND19 and E. colipBAD28 revealed su-

perimposable values, suggesting that both strains produced

equivalent effects on gut homeostasis following ABXs adminis-

tration (Figures S1E–S1O).

Mice treated with ABX alone or in combination with

E. colipHND19 showed a strong reduction of bacterial taxonomic
(F) Perigonadal white adipose tissue (WAT) weight.

(G–J) GF Igh-J�/� mice were colonized with 1010 CFUs of E. colipBAD28 or E. colipA

evaluated in the two groups of animals. Data points represent single mice. One

(G) Body weight variation (n = 5).

(H) Glucose tolerance test (GTT) (n = 5).

(I) Statistical analysis of the AUC of (H). (J) Fasting blood glucose analysis.

Means ± SEM are shown. Two-tailed Mann-Whitney U test (B, C, E, F, I, and J)

***p < 0.001; ****p % 0.0001.
richness in the cecum as reflected by a-diversity (Shannon in-

dex, observed features, and Faith’s phylogenetic diversity) (Fig-

ure 5B), indicating strong dysbiosis. Interestingly, treatment with

E. colipApyr resulted in a significant improvement of this param-

eter. To determine similarity in bacterial composition in the

different experimental groups, we analyzed b-diversity by prin-

cipal-coordinate analysis (PCoA) derived from unweighted and

weighted UniFrac. Despite each ABX treatment group clustered

separately from the untreated control (PERMANOVA <0.001),

E. colipApyr-treated mice clustered closer to the control group,

indicating an improved recovery of the physiological microbiota

composition (Figure 5C). Relative abundance analysis of differ-

entially represented amplicon sequence variants (ASVs) re-

vealed that that E. colipApyr administration resulted in the

selective preservation of 41 species belonging to the orders of

Bacteroidales, Clostridiales, Lactobacillales, and Burkholder-

iales (Figure 5D). Among Bacteroidales,Muribaculum intestinale

was detected by multiple ASVs. The reduction of this bacterial

species was shown to correlate with higher susceptibility to ileitis

(Dobranowski et al., 2019). E. colipApyr administration favored the

preservation of Clostridium scindens, a bacterium that was

shown to protect from Clostridioides difficile infection through

the generation of secondary bile acids deoxycholic acid (DCA)

and lithocholic acid (LCA). Reconstitution with C. scindens alone

or within a bacterial consortium protected ABX-treated mice

from C. difficile intestinal colonization (Buffie et al., 2015).

Different species belonging to Lactobacillales order, in particular

Lactobacillus johnsonii and Lactobacillus reuteri, were also

significantly enriched in E. colipApyr-treated mice. These results

suggest that apyrase enzymatic function can positively influence

gut microbial homeostasis in ABX-mediated dysbiosis. Consis-

tent with SIgA function in mediating the effect of apyrase, the

improved recovery in microbiota composition was associated

to increased coating of fecal microbiota by SIgA inmice gavaged

with E. colipApyr (Figure 5E).

Administration of apyrase-expressing bacteria
attenuates intestinal barrier impairment and glucose
homeostasis perturbation in ABX-mediated dysbiosis
ABXs strongly affect microbial diversity and intestinal barrier

function, leading to bacterial translocation of live commensal

bacteria to the mesenteric lymph nodes (MLNs) (Knoop et al.,

2016). A characteristic feature of reduced bacterial load after

ABX treatment is cecum enlargement, which characterizes

also GF animals (Devkota et al., 2012; Poteres et al., 2020). Anal-

ysis of cecum weight 4 days after recovery from ABX treatment

revealed a pronounced increase of this parameter, as expected.

However, mice treated with E. colipApyr showed significantly

reduced cecum weight as compared with mice treated with
pyr. Twenty-eight days after colonization, different metabolic parameters were

experiment representative of two is shown.

and two-tailed ANOVA test (A, D, G, and H) were used. *p < 0.05; **p < 0.01;
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Figure 4. SIgA contributes to bacteria-induced metabolic speciation

Metabolomics analysis performed on portal vein serum of C57BL/6 WT and Igh-J�/� mice monocolonized with E. colipApyr or E. colipBAD28 transformants. The

analysis was performed at 28 days of colonization (n = 7–14). All analyses were performed on log-transformed data. In the PCA score plots, data points indicate

the single mice, while centroids highlight the median position of each group.

(A) PCA score plot summarizing the results of the targetedmetabolomics analysis of portal vein serum performed on E. colimonocolonized C57BL/6 and Igh-J�/�

mice.

(B) PCA score plot summarizing the results of the targeted metabolomics analysis performed on C57BL/6 WT GF mice and mice monocolonized with E. colipApyr

or E. colipBAD28.

(legend continued on next page)
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ABX or ABX and E. colipHND19 (Figure 5F). Quantification of CFUs

from MLN, both in aerobic and anaerobic conditions, revealed a

significant increase of bacterial recovery in mice treated with

ABX or ABX and E. colipHND19 compared with untreated animals,

indicating gut barrier integrity was compromised. However, mice

treated with the combination of ABX and E. colipApyr showed a

number of CFUs in the MLN that was not significantly different

from untreated animals (Figures 5G and 5H). These data indicate

that E. colipApyr administration mitigates the effects of ABX-

induced dysbiosis.

The gut microbiota encodes a more versatile metabolome

than the host, and a healthy microbiota is a necessary require-

ment for stable functional metabolic interactions with the host.

To investigate the effect of apyrase on host metabolism pertur-

bation caused by dysbiosis induced by ABXs, we analyzed blood

glucose 4 days after recovery from the ABX treatment. Adminis-

tration of ABXs resulted in a pronounced decrease in blood

glucose. Mice treated with apyrase-expressing bacteria showed

higher serum glucose levels compared with mice treated with

ABX or ABX and E. colipHND19 (Figure 5I). Quantification of white

adipose tissue (WAT) revealed a significant reduction of WAT in

ABX-treated mice both as ABX alone treatment or in association

with E. colipHND19. This reduction was significantly attenuated by

administration of E. colipApyr (Figure 5J). No improvements in

blood glucose levels (Figure S4A) and WAT deposition (Fig-

ure S4B) after ABX treatment were observed in Igh-J�/� mice

treated with E. colipApyr as compared with the counterparts

treated with ABX or the combination of ABX and E. colipHND19.

These results are consistent with the function of apyrase in atten-

uating metabolic consequences of ABX-mediated dysbiosis via

enhancement of SIgA.

Intestinal conditioning by apyrase promotes resistance
to infection by enteric pathogens following ABX
treatments
Microbial cells in the GI tract confer colonization resistance

against intestinal pathogens. ABX-mediated depletion of endog-

enousmicrobes results in increased susceptibility to a number of

opportunistic and pathogenic enteric infections (Blaser, 2011;

Preidis and Versalovic, 2009). Enterohemorrhagic E. coli

(EHEC), enteropathogenic E. coli (EPEC), andCitrobacter roden-

tium are Enterobacteriaceae that belong to the family of attach-

ing and effacing (A/E) lesion-forming bacteria. EHEC and EPEC

can cause severe intestinal inflammation and diarrhea. In addi-

tion, EHEC strains expressing the highly potent Shiga toxin

(Stx) cause nephrotoxicity, resulting in severe cases in the death

of infected individuals. Because the human pathogens EHEC

and EPEC induce only modest pathogenicity in ABX-treated

adult mice, C. rodentium is used to mimic these infections in

mice (Collins et al., 2014). We investigated whether apyrase

could promote resistance to the challenge of ABX-treated mice

with 108 CFUs of C. rodentium (Figure 6A). Mice gavaged with

E. colipApyr after ABXs showed reduced body weight loss on
(C) Lollipop plot showing the results of the univariate comparison on themetabolic

segment is proportional to the difference in the expected values of each metabo

classes.

See also Figure S3.
infection as compared with the groups treated with ABX alone

or followed by E. colipHND19 (Figure 6B). Inflammatorymonocytes

(CD45+CD11b+Ly6c+Ly6g� cells) (Figure 6C) and neutrophils

(CD45+CD11b+Ly6c+Ly6g+ cells) in the cecum LP (Figure 6D),

C. rodentium CFUs in both the spleen (Figure 6E) and liver (Fig-

ure 6F), and fecal and serum lipocalin-2 (LCN-2) levels

(Figures 6G and 6H), which are linked to epithelial damage and

neutrophil infiltration, were all significantly reduced in mice

treated with E. colipApyr as compared with the groups treated

with ABX alone or in combination with E. colipHND19. Notably,

Iga�/� mice did not show any improvement in intestinal inflam-

mation and control of the infection by combining E. colipApyr

administration to the ABX treatment (Figures S4C–S4I), indi-

cating that SIgAs are instrumental in promoting colonization

resistance by apyrase.

We further tested the beneficial effect of apyrase in the enteric

infection by C. difficile. C. difficile is a major cause of ABX-asso-

ciated diarrhea dependent on reduced bacterial community di-

versity and depletion of key taxa within the intestinal microbiota

(Seekatz and Young, 2014). To investigate whether the micro-

biota community structure induced by apyrase-expressing

bacteria could counteract intestinal invasion by C. difficile, we

administered ABX to WT mice for 4 days to induce microbiota

depletion. Thereafter, mice were orally gavaged with E. coli

transformants for 4 days, infected with 105 C. difficile VPI

10463 spores, and analyzed 72 h postinfection to evaluate intes-

tinal inflammation (Figure 6I). The loss of body weight (Figure 6J)

and the clinical score (Figure 6K) following C. difficile infection

were both significantly ameliorated by E. colipApyr administration.

Inmice treated with ABX followed by E. colipApyr, colon length, an

important pathological parameter in colitis, was similar to non-in-

fected mice, whereas in mice treated with standalone ABX or in

combination with E. colipHND19, it was drastically reduced (Fig-

ure 6L). Finally, fecal and serum LCN-2 concentrations were

significantly reduced in mice treated with ABX and E. colipApyr

as compared with mice treated with ABX alone or in combination

with E. colipHND19 (Figures 6M and 6N). These data further sup-

port the notion that treatment with apyrase-expressing bacteria

mitigates ABX-induced dysbiosis and promotes resistance to

C. difficile infection.

DISCUSSION

The diversity of the SIgA repertoire generated by intestinal B cells

does not reflect the complexity of the antigenic universe borne

by the microbiota. This phenomenon is consistent with the co-

evolution of the gut immune system and microorganisms, and

contrasts with the diversification of the systemic B cell repertoire

that emerges on exposure to microbial antigens (Li et al., 2020).

GCs in PPs from different mice expand public B cell receptor

(BCR) clonotypes, some of which are dependent on bacterial

antigens, while others are not (Chen et al., 2020). A substantial

percentage (5%–10%) of GCs from SPF mice contain highly
profiles of WTmice colonized with E. colipBAD28 or E. colipApyr. The length of the

lite in E. colipBAD28 and E. colipApyr. The color highlights the different metabolic
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dominant B cell clones that are selected by antigens derived

from commensal bacteria. The antigen-driven selection of public

clonotypes specific for bacterial and non-bacterial antigens

appears to be tunable by the presence and composition of the

microbiota (Nowosad et al., 2020). The identification of mecha-

nisms responsible for the regulation of the SIgA diversity would

allow to intervene for enhancing the efficacy of mucosal vaccina-

tion and counteracting disruption of microbiota homeostasis in

pathophysiological conditions.

Microbiota-derived eATP limits Tfh cells activity in the PPs via

the ATP-gated P2X7R and thereby BCR affinity maturation

(Proietti et al., 2014). Hydrolysis of eATP by apyrase delivery to

the small intestine resulted in increased SIgA production and

higher B cell clonal diversity that was reflected by enhanced

coating of intestinal bacteria. SIgA is key in determining a non-in-

flammatory relationship between the host andmicrobiota (Peter-

son et al., 2007). SIgA coating accelerates the small-intestinal

transit of bacteria by limiting bacterial motility, by reducing

adherence, or by exclusion effects (Uchimura et al., 2018).

We found that apyrase-mediated conditioning of SIgA repertoire

modified the topographical distribution of bacteria in the

mucus, suggesting SIgA shaping by eATP influences bacterial

interaction with the epithelium. Accordingly, SIgA generated by

an apyrase-bearing live attenuated oral vaccine conferred

enhanced protection from the invasiveness of the virulent bacte-

ria (Proietti et al., 2019). Along this line, SIgA generated in mice

treated with ABXs and gavaged with E. colipApyr significantly

limited both aerobic and anaerobic bacteria translocation to

MLN (Figures 5G and 5H).

SIgA plays a central role in conditioning transcriptional activity

of the intestinal epithelium. Shulzhenko et al. (2011) have shown

that lack of SIgA results in upregulation of immune response

genes and concomitant repression of genes correlated with

metabolic functions. This shift in intestinal function led to lipid

malabsorption and decreased deposition of body fat (Shulzhenko

et al., 2011). The enhanced SIgA production by colonization of

GF mice with E. colipApyr induced the downregulation of genes

involved in immune response against bacteria and upregulation

of genes involved in metabolic processes. This effect mediated
Figure 5. E. colipApyr administration improves gut microbiome recove

induced dysbiosis

(A–I) Dysbiosis was induced by daily oral gavage of a mix of ABXs for 4 days. Afte

4 days with PBS (control) or 1010 CFUs of E. colipApyr or E. colipHND19.

(A) Experimental layout of ABX-induced dysbiosis and recovery phase.

(B) Bacterial a-diversity calculated by Shannon index, observed features, and

**p < 0.01. Data points represent single mice.

(C) Bacterial b-diversity. The PCoA plots of microbial b-diversity were generated

p < 0.001. Data points represent single mice.

(D) Heatmap showing bacterial amplicon sequence variants (ASVs) in cecal micro

according to p < 0.05 with Wald test using FDR p value correction following DESe

represents an individual mouse. Mean relative abundances (log10) of ASVs dete

(E) Statistical analysis of fecal IgA-coated microbiota at the end of the recovery p

secondary antibody.

(F) Percentage of cecum weight normalized by total body weight.

(G and H) CFU quantification of aerobic (G) and anaerobic (H) bacteria recovered

(I) Blood glucose variation between day �4 (start of ABX treatment) and day +4

(J) Percentage of WAT deposition at the end of recovery phase (day 4). Data poi

Except where indicated, one experiment representative of three is shown (n = 4–7

was used. *p < 0.05, **p < 0.01. See also Figures S1D–S1O, S4A, and S4B.
by apyrase-conditioned SIgA prompted us to characterize me-

tabolites absorption in the portal vein of E. colipApyr monocolon-

ized mice. First, the targeted metabolomic analysis revealed

that sphingolipids and glycerophospholipidswere particularly en-

riched in portal vein serum from gnotobiotic WT with respect to

antibody-deficient Igh-J�/� mice. Second, the upregulation in

the intestinal epithelium of genes connected to lipid metabolism

and uptake of amino acids that we observed in mice colonized

with E. colipApyr with respect to control E. coli transformants

devoid of apyrase activity correlated with enhanced absorption

of glycerophospholipids and essential amino acids. Mucosal

conditioning by apyrase induceda significant reduction of seroto-

nin absorption, a biogenic amine indole derivate with pleiotropic

function in immune system regulation that was shown to be

increased in the small intestine of antibody-deficient mice (Uchi-

mura et al., 2018). Moreover, in E. colipApyr monocolonized mice,

we detected an overall reduction of plasma acylcarnitines that

are connected with inflammation and insurgence of metabolic

disorders (Makrecka-Kuka et al., 2017; Rutkowsky et al., 2014).

Therefore, apyrase-mediated enhancement of SIgA diversity

and bacterial coating promotes a shift from immune to metabolic

functions in the intestinal epithelium.

In SPF mice, modulation of GC reaction in PPs by bacteria-

derived eATP via P2X7R in Tfh cells promotes a proficient micro-

biota for metabolic homeostasis (Perruzza et al., 2017); chronic

deregulated SIgA coating of commensal bacteria results in

altered systemic metabolism (Perruzza et al., 2019). Conversely,

the increase in SIgA diversity in E. colipApyr colonized mice

partially compensated the lack of metabolic fitness of GF and

monocolonized mice by ameliorating host glucose homeostasis.

SIgA coating alters gene expression of mucous-associated bac-

teria and modulates interphylum interaction (Nakajima et al.,

2018). The diversity of antigen targeting by SIgA affects bacterial

function and metabolism (Rollenske et al., 2021). Therefore, the

apyrase-mediated increase in SIgA diversity could improve the

metabolic fitness of E. colipApyr.

SIgA possesses two antithetic functions acting either in pre-

venting or promoting bacterial colonization (Kubinak and Round,

2016). This dichotomy is at least in part driven by characteristic
ry, intestinal barrier integrity, and metabolic homeostasis in ABX-

r the ABX treatment, during the recovery phase, mice were orally gavaged for

Faith’s phylogenetic diversity. Two-tailed Mann-Whitney U test was used.

using unweighted and weighted UniFrac algorithms. PERMANOVA was used.

biota that discriminate the different experimental groups. ASVs were selected

q2 read counts normalization. Each line represents one ASV, and each column

cted in the different experimental groups are shown.

hase (day 4). Microbiota from Iga�/� mice was used as negative control for the

from the MLN (pooled data from two independent experiments).

(end of recovery phase).

nts represent single mice.

/experiment). Means ± SEM are shown. Two-tailed Mann-Whitney U test (E–I)
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features of the bound bacteria, such as the replicative activity,

which induces enchained growth and clearance of enteropatho-

gens (Moor et al., 2017). Conversely, SIgA coating of Bacter-

oides fragilis capsular polysaccharides helps bacteria occupy a

defined mucosal niche, resulting in exclusion of possibly patho-

genic competitors. This phenomenon was shown to be spread

across different commensal microbes (Donaldson et al., 2018).

ABX treatment results in loss of intestinal microbiota diversity,

which requires several weeks to be restored (Palleja et al.,

2018), exposing the host to possible colonization by exogenous

enteropathogens. Four-day course of an ABX mix renders SPF

mice susceptible to enteric infections, including C. rodentium

and C. difficile, two murine models of ABX-mediated human dis-

eases (Becattini et al., 2016). Daily gavage immediately after ABX

treatment with E. colipApyr, but not E. colipHND19, expressing a

loss-of-function mutant of apyrase, promoted the colonization

of different bacterial species belonging to the orders of Bacteroi-

dales, Clostridiales, Lactobacillales, and Burkholderiales that

ensured resistance to the infection by C. rodentium and

C. difficile. Among Bacteroidales, Muribaculum intestinale, the

reduction of which was correlated with higher susceptibility to

ileitis (Dobranowski et al., 2019), was detected by multiple

ASVs. Notably, E. colipApyr gavaging resulted in the enrichment

of C. scindens that was previously shown to protect mice from

C. difficile infection through the generation of the secondary

bile acids DCA and LCA (Buffie et al., 2015). Among the Lactoba-

cillales order, L. johnsonii and L. reuteri were significantly

enriched in E. colipApyr-treated mice. These two species are

commonly used as probiotics and were shown to confer protec-

tion against C. rodentium (Mackos et al., 2013) and Campylo-

bacter jejuni (Bereswill et al., 2017) infections. Finally, ABX-medi-

ated alteration of glucosemetabolism (Zarrinpar et al., 2018) was

improved by apyrase-mediated SIgA enhancement. We origi-

nally proposed bacteria-derived eATP as an important mediator

of gut ecosystem homeostasis by modulating SIgA response

(Perruzza et al., 2017; Proietti et al., 2014). The observations re-

ported in the present study suggest that abrogation of eATP

signaling and expansion of SIgA diversity by apyrase can be

used to restore intestinal microbiota fitness in dysbiotic condi-

tions, such as provoked by ABX treatment.
Figure 6. E. colipApyr administration improves resistance to enteric pat

(A–H) Dysbiosis was induced by daily oral gavage of ABXs for 4 days. After the A

CFUs of E. colipApyr or E. colipHND19. Thereafter, mice were orally infected with 1

(A) Experimental layout showing C. rodentium infection on ABX-induced dysbios

(B) Percentage body weight loss during 5 days postinfection (dpi) (n = 6–10).

(C) Statistical analysis of inflammatory monocytes (CD45+CD11b+Ly6c+Ly6g�) in
(D) Statistical analysis of neutrophils (CD45+CD11b+Ly6c+Ly6g+) infiltrating the c

(E and F) Quantification of C. rodentium dissemination in the spleen (E) and liver

(G and H) Quantification of fecal (G) and serum (H) LCN-2 at 5 dpi.

(I–N) Dysbiosis was induced by daily oral gavage of ABXs for 4 days. After the ABX

of E. colipApyr or E. colipHND19. Thereafter, mice were orally infected with 105 C

evaluated over 3 dpi.

(I) Experimental layout of C. difficile infection on ABX-induced dysbiosis.

(J) Percentage body weight loss (n = 4–5).

(K) Clinical score (n = 4–5).

(L) Colon length (cm) at 3 dpi.

(M and N) Quantification of fecal (M) and serum (N) LCN-2 at 3 dpi.

Data points represent single mice. One experiment representative of three is sho

and L–N). Two-way ANOVA was used (B, J, and K). *p < 0.05, **p < 0.01, ***p <
Limitations of the study
Although our experiments establish a function for apyrase-

mediated degradation of luminal ATP in promoting the amplifi-

cation of the SIgA repertoire in the intestine, the following lim-

itations of the study have to be considered. To analyze the

impact of apyrase activity on SIgA structure in a controlled

intestinal environment, we used monocolonized mice. In phys-

iological conditions, the complexity of the microbiota and mi-

crobiota-derived metabolites might further influence the SIgA

repertoire structure and/or bias the response specificity in the

absence of eATP. An analogous limitation can be considered

for the transcriptional regulation in the epithelial component

of the intestine and metabolites absorption by SIgA amplifica-

tion. The picture we provide, albeit quite explanatory for the

role of eATP in regulating intestinal function by shaping the

commensal-specific SIgA response, is limited by monocoloni-

zation that cannot provide a comprehensive definition of

the transcriptional landscape and metabolites absorption

of a normally colonized organism. We demonstrated that

enhancing the SIgA coating of the microbiota could eventually

lead to the attenuation of pathological consequences of dys-

biosis induced by ABX treatment. The maintenance of gut

homeostasis correlated with the SIgA-dependent preservation

of a beneficial bacterial community in mice exposed to

apyrase. These experiments were performed in mice housed

in an SPF environment; additional studies are warranted to

establish the effectiveness of SIgA amplification by apyrase in

correcting dysbiosis in non-SPF conditions and in other

organisms.
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Antibodies

Anti-mouse B220 Pacific Blue conjugated BioLegend Cat.#:103227, clone: RA3-6 B2;

RRID:AB_492876

Anti-mouse CD11B PeCy7 conjugated BioLegend Cat.#:117318, clone:N418; RRID:AB_493568

Anti-mouse CD19 APCCY7 coniugated BioLegend Cat.#:115530, clone: 6D5; RRID:AB_830707

Anti-mouse CD45 FITC conjugated BioLegend Cat.#: 103108, clone: 30F11; RRID:AB_312973

Anti-mouse Gr1 PE conjugated TONBO Bioscience Cat.#:50-5931, clone: RB6-8C5;

RRID:AB_2621803

Anti-mouse Ly6C biotinylated BioLegend Cat.#:128004, clone:HK1.4; RRID:AB_1236552

Anti-mouse Ly6G Pacific Blue conjugated BioLegend Cat.#:127612, clone: 1A8; RRID:AB_2251161

Rabbit anti-mouse IgA APC conjugated Brookwood Biomedical,

Birmingham, AL, USA

Cat.#: SAB1186; RRID:AB_2921277

Goat anti-mouse IgA alkaline phosphatase

(AP) conjugated

Southern Biotech Cat.#:1040-04; RRID:AB_2794372

Goat anti-mouse IgA biotinylated Southern Biotech Cat.#:1040-08; RRID:AB_2794374

Goat anti-mouse IgA FITC conjugated Southern Biotech Cat.#:1040-02; RRID:AB_2794370

Goat anti-mouse IgA unlabeled Southern Biotechnologies Cat.#:1040-01; RRID:AB_2314669

Goat anti-mouse IgG PECY7 conjugated BioLegend Cat.#:405315, clone: Poly4053;

RRID:AB_10662421

Goat anti-mouse IgM biotinylated Southern Biotech Cat.#:1020-03; RRID:AB_2794199

Mouse IgA unlabeled Southern Biotech Cat.#:0106-01; RRID:AB_2714214

Bacterial and virus strains

Citrobacter rodentium (HA538 strain, Ddadax::tetRA) (Buschor et al., 2017) N/A

Clostridioides difficile ATCC ATCC� 43255TM

E. colipApyr (Scribano et al., 2014) N/A

E. colipBAD28 (Scribano et al., 2014) N/A

E. colipHND19 (Scribano et al., 2014) N/A

Chemicals, peptides, and recombinant proteins

Avidin-peroxidase Sigma-Aldrich Cat.#:A3151

Streptavidin PerCP BioLegend Cat.#:405213

Streptavidin APC BioLegend Cat.#:405207

4-Nitrophenyl phosphate disodium salt hexahydrate Sigma-Aldrich Cat.#:N2765

Fluorescein isothiocyanate-dextran 4kDa Sigma-Aldrich Cat.#:46944

Glucose Sigma-Aldrich Cat.#:G7021

Healthpro-X1 glucometer Axapharm Cat.#:5788151

L-(+)-Arabinose Sigma Aldrich Cat.#:A3256

Luria Bertani broth Sigma Aldrich Cat.#:L3022

Ampicillin sodium salt Sigma Aldrich Cat.#:A9518

Chloramphenicol Sigma Aldrich Cat.#:C0378

American bacteriological agar Condalab Cat.#:1802.00

Bovine Serum Albumine Sigma Aldrich Cat.#:A7906

BHI Bacto Brain Heart Infusion Becton Dickinson AG Cat.#:237500

Taurocholic acid sodium salt hydrate Sigma Aldrich Cat.#:T4009

OxoidTM AnaeroGenTM 2.5L Sachet Thermo Fisher Cat.#:AN0025A

Schaedler Agar Sigma Aldrich Cat.#:91019

(Continued on next page)
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Vancomycin Hydrochloride, USP Grade ZellBio GmbH Cat.#:V-200-5

Metronidazole Sigma Aldrich Cat.#:M3761

RPMI Medium 1640( 1x) Gibco Cat.#:42401-018

Penicillin/streptomycin Gibco Cat.#:15070-063

Kanamycin Gibco Cat.#:15160-047

EDTA - solution pH 8,0 Axon Lab Cat.#:A 3145.1000

Collagenase D from Clostridium histolyticum Sigma Aldrich Cat.#:11088882001

DNAse I grade II Sigma Aldrich Cat.#:10104159001

Fetal bovine serum Gibco Cat.#:10270-106

Percoll Cytiva Cat.#:17089101

Dulbecco’s Phosphate Buffered Saline (PBS) Sigma-Aldrich Cat.#:D8537

Goat serum Sigma Aldrich Cat.#:G9023

SYTOTM BC Green Fluorescent Nucleic Acid Stain Life Technologies Cat.#:S34855

3-Amino-9-ethylcarbazole Sigma Aldrich Cat.#:A6926

N,N-Dimethylformamide Sigma-Aldrich Cat.#:227056

RNAeasy minelute column Qiagen Cat.#:74204

RNase-free DNase I Qiagen Cat.#:79254

TRIzol Reagent Thermo Fisher Cat.#:15596026

SuperScriptTM III Reverse Transcriptase Invitrogen Cat.#:18080093

RNaseOUT Invitrogen Cat. #:10777019

PlatinumTM II Taq Hot-Start DNA Polymerase Invitrogen Cat.#:14966001

Critical commercial assays

Biocrates AbsoluteIDQ� p180 Kit Biocrates life Sciences

AG

N/A

Fast DNA Stool Mini Kit Qiagen Cat.#:51604

DuoSet ELISA Mouse Lipocalin-2/NGAL R&D systems Cat.#:DY1857

High sensitive mouse insulin ELISA kit Biorbyt Ltd Cat.#:orb54817

Quant-iTTM PicoGreenTM dsDNA Assay Kits Thermo Fisher Cat.#:P7589

RNA miniprep kit Qiagen Cat.#:74004

GeneChip� WT Plus Kit Affymetrix Cat.#:902281

GeneChip� Hybridization, Wash and Stain Kit Affimetrix Cat.#:900299

MiSeq Reagent Kit v2 (500-cycles) Illumina Cat.#: MS-102-2003

Deposited data

16S rRNA amplicon sequences This paper ENA: PRJEB49686

IgA sequences This paper NCBI BioProject: PRJNA852673

IEC transcriptomic analysis sequences This paper NCBI GEO: GSE203433

Experimental models: Organisms/strains

C57BL/6J The Jackson Laboratory JAX stock # 000664

Igh-J-/- (B6.129P2-Igh-Jtm1Cgn/J) Jackson Labs (Gu et al.,

1993)

JAX stock # 002438

E-cadherinmCFP (B6.129P2(Cg)-Cdh1tm1Cle/J) Jackson Labs (Snippert

et al., 2010)

JAX stock # 016933

Iga-/- (Ighatm1Grh) SPF Vivarium LASC

Schlieren (Harriman

et al., 1999)

MGI : 1857185

Oligonucleotides

V3–V4 hypervariable regions (16S primer)

Fwd: 50- CCT ACG GGN GGC WGC AG -30
This paper N/A

(Continued on next page)
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V3–V4 hypervariable regions (16S primer)

Rev: 50- GAC TAC HVG GGT ATC TAA TCC -30
This paper N/A

IgA locus 50-ATCAGGCAGCCGATTATCAC-30 (Lindner et al., 2012) N/A

IgA locus 50-TCTCCTTCTGGGCACTCG-30 (Lindner et al., 2012) N/A

IgA locus 50-TGAATGATGCGCCACTGT-30 (Lindner et al., 2012) N/A

constant Ca region 50-CGTATCGCCTCCCTCGCGCCAT

CAG(MID)GAGCTCGTGGGAGTGTCAGTG-30
(Lindner et al., 2012) N/A

promiscuous VH primer 50-CTATGCGCCTTGCCAGCCC

GCTCAGGAGGTGCAGCTGCAGGAGTCTGG-30
(Lindner et al., 2012) N/A

Software and algorithms

FlowJo v10.6.1 BD Bioscience https://www.flowjo.com/

FACSDiva BD Bioscience N/A

GraphPad Prism Graphpad Software https://www.graphpad.com

R studio Rstudio, Inc Version 4.0.3

R package ‘‘GOplot’’ (Walter et al., 2015) https://github.com/wencke/wencke.github.io

R package ‘‘Phyloseq’’ (McMurdie and Holmes,

2013)

https://github.com/joey711/phyloseq

R package ‘‘Vegan’’ (Oksanen et al., 2020) https://cran.r-project.org, https://github.com/

vegandevs/vegan

R package ‘‘Tidyverse and ggplot’’ (Wickham et al., 2019) https://cloud.r-project.org/package=ggplot2

MiXCR software package v.3.04 (Greiff et al., 2017) N/A

Partek Genomics Suite (v6.6) Parteck https://www.partek.com/partek-genomics-suite/

DAVID Bioinformatics Resources (v6.8) (Huang da et al., 2009) https://david.ncifcrf.gov)

Fiji ImageJ Version 1.51 s

QIIME 2 2020.2 (Bolyen et al., 2019) https://qiime2.org

DADA2 (Callahan et al., 2016) https://github.com/benjjneb/dada2

IQ-TREE stochastic algorithm (Nguyen et al., 2015) N/A
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RESOURCE AVAILABILITY

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

Grassi (fabio.grassi@irb.usi.ch).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Gene expression data on intestinal epithelial cells have been deposited in NCBI GEO and are accessible under the number

GSE203433. Sequence reads from 16S rRNA gene profiling have been deposited in the European Nucleotide Archive (ENA)

of the European Bioinformatics Institute under the accession number of the study ENA: PRJEB49686. IgA sequencing data

are available at NCBI in the BioProject database with accession number BioProject: PRJNA852673.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Germ free (GF) C57BL/6 and Igh-J-/- (B6.129P2-Igh-Jtm1Cgn/J) and mice were maintained in flexible film isolators at the Clean

Animal Facility, University of Bern, Switzerland until experiments. Later, 6 weeks old GF animals were colonized with a single admin-

istration of 1010 CFU of E. colipApyr or E. colipBAD28 by oral gavage in 200 ml PBS and maintained in germ-free isolators located at
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the Institute for Research in Biomedicine, Bellinzona, Switzerland, for 28 days before experiments. Specific pathogen-free (SPF)

C57BL/6, Igh-J-/- (B6.129P2-Igh-Jtm1Cgn/J), Iga-/- (Ighatm1Grh) and E-cadherinmCFP (B6.129P2(Cg)-Cdh1tm1Cle/J) animals were bred

at the Institute for Research in Biomedicine, Bellinzona, Switzerland. For all the experiments, mice were used at 4-8 weeks old,

age-and sex-matched. Animals were housed in ventilated cages in a 12 h light/dark cycle, with free access to water and standard

autoclaved chow.

For FITC-dextran intestinal permeability studies, mice were fasted for 4 h and gavaged with FITC-dextran (0.6 mg/g body weight)

diluted in PBS. Serum was collected 4 h post-gavage and fluorescence intensity was measured at 485/530 nm using a micro-plate

reader (Biotek Synergy 2). Glucose tolerance test was performed as follow: animals were fasted for 12 h and then received an intra-

peritoneal injection of glucose (2 g/kg of body weight). Blood glucose was measured using a glucometer (Healthpro-X1, Axapharm)

on samples collected from tail vein. For ex vivo experiments, mice were euthanized by CO2 inhalation and three portions of duo-

denum, jejunum and ileum, Peyer’s patches, white perigonadal adipose tissue, faeces, small intestinal and caecal contents were

collected.

Insulin in serumwas quantified using an ELISA kit (High sensitive mouse insulin ELISA kit, Biorbyt Ltd). All animal experiments were

performed in accordance with the Swiss Federal Veterinary Office guidelines and authorized by the Cantonal Veterinary. Animals

were cared for by a licensed veterinarian and proper steps were taken to ensure the welfare and minimize the suffering of all animals

in the conducted studies.

Bacterial strains and culture conditions
Full-length phoN2::HA fusion, encoding periplasmic ATP-diphosphohydrolase (apyrase) of Shigella flexneri M90T, was cloned into

the polylinker site of pBAD28 plasmid, under the control of the pBAD L-arabinose inducible promoter, generating plasmid

pHND10 and pHND19 (Scribano et al., 2014). In contrast to the pHND10 plasmid, the pHND19 plasmid (control) contains a

phoN2R192P::HA fusion, which encodes a loss-of-function isoform of apyrase carrying the R192P substitution. E. coli DH10B trans-

formed with pBAD28 (E. colipBAD28), pHND19 (E. coliPHND19) or pHND10 (E. colipApyr) were grown in LB broth supplemented with

L-arabinose (0.03%), ampicillin (100 mg/ml) and chloramphenicol (30 mg/ml) at 37�C, 220 rpm. The pBAD promoter is constantly

active in themouse gut lumen (Perruzza et al., 2019). The tetracycline-resistant HA538 strain (Ddadx::tetRA) ofCitrobacter rodentium

(Buschor et al., 2017) was cultured in LB agar plates supplemented with tetracycline (12.5 mg/ml) and then expanded in Luria broth

overnight at 37�C. Clostridioides difficile ATCC� 43255TM (VPI 10463 A+B+CDT-) spores were stocked at 108/ml at -80 �C in PBS +

1% BSA. Spores titres were confirmed by plating serial dilutions of the stocks on brain heart infusion (BD Biosciences) agar plates

supplemented with 5 g/l yeast extract and 0.1% taurocholate to induce germination. Plates were kept at least 24 h in airtight canisters

equipped with Oxoid AnaerogenTM. For calculation of colony forming units (CFU) in the MLN after antibiotic induced dysbiosis mice

were sacrificed at the end of the experiment, MLNwere harvested aseptically into RPMI andmechanically homogenized. Dilutions of

homogenates were plated onto Schaedler agar (Sigma Aldrich). Plates were grown under aerobic or anaerobic culture con For deter-

mination of total C. rodentium loads, homogenates of spleen and liver, collected at 5 days post infection, were plated on LB agar

plates containing 12.5 mg/ml of tetracycline and placed at 37�C for 24 h before enumeration of colonies.

METHOD DETAILS

Generation of SPFABX mice
4 weeks old C57BL/6 or E-cadherinmCFP animals were orally gavaged with a mix of antibiotics (ABX: Vancomycin 1,25 mg, ampicillin

2,5 mg and metronidazole 1,25 mg) in 200 ml water for 2 weeks. After the ABX treatment, these animals were daily gavaged with 1010

CFU of E. colipBAD28 or E.colipHND19 (Figures S1E–S1O) or 1010 CFU of GFP expressing E. colipApyr or E. colipBAD28 (Figure 2A) in 100 ml

PBS for 21 days to ensure intestinal colonization.

Mouse model of antibiotic mediated dysbiosis
Dysbiosis was induced in 6-8 weeks old C57BL/6 or Igh-J-/- mice by daily oral gavage of a mix of antibiotics (ABX: Vancomycin

1,25 mg, ampicillin 2,5 mg and metronidazole 1,25 mg; in 200 ml sterile water per mouse) for 4 days. After the antibiotic treatment,

during the recovery phase, mice were orally gavaged for 4 days with PBS (control) or 1010 CFU (colony forming unit) of E. colipApyr or

E. coli expressing the loss-of-function isoform of apyrase with the R192P amino acid substitution (E. colipHND19). The treatment

schedule is shown in Figure 5A.

Citrobacter rodentium infection model
8-week old C57BL/6 mice were randomly assigned to 4 different experimental groups (see Figure 6A for experimental layout): not

treated (control), treated with antibiotics (ABX: Vancomycin 1,25 mg, ampicillin 2,5 mg and metronidazole 1,25 mg; in 200 ml sterile

water per mouse), treated with ABX and 1010 CFU of E. colipHND19; and treated with ABX and 1010 CFU of E. colipApyr. After the anti-

biotic treatment, mice were orally gavaged for 4 days with PBS (control); or 1010 CFU of E. colipHND19; or E. colipApyr. Thereafter, mice

were orally infected with 108 CFU/mouse of Citrobacter rodentium. For infection experiments, a tetracycline-resistant strain of

Citrobacter rodentium (HA538 strain, Ddadax::tetRA) (Buschor et al., 2017) was cultured in LB agar plates supplemented with

tetracycline (12.5 mg/ml) and then expanded in Luria broth overnight at 37�C.
e4 Cell Reports 40, 111112, July 19, 2022
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Clostridioides difficile infection model
8-week old C57BL/6 mice were randomly assigned to 4 different experimental groups (see Figure 6E for experimental layout): not

treated (control), treated with antibiotics (ABX: Vancomycin 1,25 mg, ampicillin 2,5 mg and metronidazole 1,25 mg; in 200 ml sterile

water per mouse), treated with ABX and 1010 CFU of E. colipHND19; and treated with ABX and 1010 CFU of E. colipApyr. After the anti-

biotic treatment, mice were orally gavaged for 4 days with PBS (control); or 1010 CFU of E. colipHND19; or E. colipApyr. Thereafter, mice

were orally infected with 105C .difficile VPI 10463 spores. To this end,Clostridioides difficile ATCC� 43255TM (VPI 10463 A+B+CDT-)

spores were stocked at 108/ml at -80�C in PBS + 1% BSA. Spores titres were confirmed by plating serial dilutions of the stocks on

brain heart infusion (BDBiosciences) agar plates supplementedwith 5 g/l yeast extract and 0.1% taurocholate to induce germination.

Plates were kept at least 24 h in airtight canisters equipped with Oxoid AnaerogenTM. The clinical score used inClostridioides difficile

infection is shown in Table S3.

Cells purification and flow cytometry
For intestinal lamina propria cells purification, small intestine waswashed trice with ice cold PBS and digested at 37�C for 30min with

RPMI addedwith 5mMEDTA for two times. The filtrated fragments were then digested in RPMI 5%FBS (fetal bovine serum), 1mg/ml

collagenase D from Clostridium histolyticum 100 mg (Roche Diagnostics) and 40 mg/ml DNase-I grade II (Roche Diagnostics) for

40 min. The filtered suspension, containing the lamina propria cells, was centrifuged for 5 min at 1500 rpm and resuspended in

40% Percoll (Sigma-Aldrich). 80% Percoll was delicately added to samples using a Pasteur pipette, which were then centrifuged

for 20 min at 2000 rpm, at room temperature without acceleration and brake. The leukocytes ring formed at the interface between

40% and 80% Percoll was collected, resuspended in FBS, homogenized, centrifuged for 5 min at 1500 rpm and finally resuspended

in RPMI complete medium. Single-cell suspensions from intestinal lamina propria were stained with labelled antibodies diluted in

PBS with 2% FBS for 20 min on ice. For analysis of inflammatory infiltrates in caecum lamina propria after C. rodentium infection,

caecum was removed, opened longitudinally, delicately separated by caecal content and washed trice with ice cold PBS. The cae-

cum was digested as explained above for the small intestine lamina propria cells. The filtered suspension, containing the caecum

lamina propria cells, was centrifuged for 5 min at 1500 rpm and resuspended in RPMI complete medium. Single-cell suspensions

from caecal lamina propria were stained with labelled antibodies diluted in PBS with 2% FBS for 20 min on ice. All antibodies

used for flow cytometry are listed in the key resources table. For analysis of IgA coated bacteria in flow cytometry, fresh faecal pellets

were collected into sterile 2mL tubes and homogenized in PBS (0.1 g/ml). The homogenized samples were centrifuged at 400 g for

5 min to remove large debris. Supernatants were centrifuged at 8ʼ000g for 10 min to remove unbound IgAs. Bacterial pellets were

resuspended in PBS 5% goat serum (Jackson Immunoresearch, West Grove, PA, USA), incubated 15 min on ice, centrifuged and

resuspended in PBS 1% BSA for staining with APC conjugated rabbit anti-mouse IgA antibodies. After 30 min incubation, bacteria

were washed twice and resuspended in 2% paraformaldehyde in PBS for acquisition at LSRFortessa. For analysis, forward and side

scatter parameters were used in logarithmic mode. SYBR Green was added to identify bacteria-sized particles containing nucleic

acids. Rag1-/- mice were used as control for absence of Igs-coated bacteria. Samples were acquired on an LSR Fortessa (BD

Biosciences, Franklin Lakes NJ, USA) flow cytometer. Data were analyzed using the FlowJo software (TreeStar, Ashland, OR,

USA) or FACS Diva software (BD Biosciences, Franklin Lakes NJ, USA).

ELISPOT assay
Frequency of small intestine lamina propria secreting IgA plasmacells were detected using an ELISPOT assay. Briefly, 96-well plates

(Millipore) were coatedwith 5 mg/ml purified goat anti-mouse IgA (Southern Biotechnologies). After washing and blockingwith 1%BSA

in PBS for 30 min, serial dilutions of total small intestine lamina propria cells were added and incubated at 37�C for 16 h. The plates

were washed and incubated with anti-IgA biotin-conjugated secondary antibodies, followed by streptavidin HRP (Sigma-Aldrich). The

assay was developed with AEC (Sigma-Aldrich). Spot counting was performed using C.T.L. S6 Ultra-V Analyzer Immunospot.

ELISA assay
Small intestine, caecumand fecal samples were collected and processed. Briefly, fresh fecal pellets were collected into sterile 1.5mL

Eppendorf tubes and homogenized in PBS (0.1 g/ml). The samples were then centrifuged for 10 min at maximum speed. The centri-

fugation process was repeated for two consecutive times and supernatant was stored at -20�C till use. Concentration of total amount

of IgA in the different biological samples were detected by ELISA. ELISA plates (Corning half-area 96 well plate) were coated (16 h at

4�C) with 25 mL of unlabeled goat anti-murine IgA, (Southern Biotech) at 5 mg/ml in PBS, washed 4 times with PBS 0.025% Tween 20

and saturatedwith 50 ml of PBS 1%BSA (Sigma) for 1 h at room temperature. Twenty-five ml of serial dilutions of the different samples

were incubated 2 h at room temperature. After 4 washes in PBS 0.025% Tween 20, 25 ml of alkaline-phosphatase conjugated goat

anti-mouse IgA, (Southern Biotech) (1:500 in PBS 1% BSA) were added and plates were incubated for 2 h at room temperature. The

assay was developed with 4-Nitrophenyl Phosphate disodium salt hexahydrate (Sigma) in carbonate buffer and absorbance was

detected at 405 nm.

Lipocalin-2 quantification
The inflammation status of mice was evaluated by measuring the levels of Lipocalin-2 (LCN-2) in fecal supernatants via ELISA assay

(R&D systems, DuoSet ELISAMouse Lipocalin-2/NGAL). Briefly, fresh fecal pellets were collected into sterile 1.5mLEppendorf tubes
Cell Reports 40, 111112, July 19, 2022 e5
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and homogenized in PBS (0.1 g/ml). The samples were then centrifuged twice for 10min at maximum speed and the supernatant was

stored at -20�C till use. Adequate serial dilution of fecal samples were used to perform the LCN-2 ELISA assay following the man-

ufacturer’s suggestion. Absorbance was read at 405 nm and the LCN-2 concentration obtained was normalized for the dilution factor

and for stools weight.

High-throughput sequencing of Ig VH regions and data analysis
The repertoire sequencing of LP IgA+ plasmacells (PCs) (sorted as B220-CD19+IgA+IgM-IgG-) was performed following a previous

literature with minor modifications (Li et al., 2020). In brief, sorted cells frozen in buffer RLT (RNA miniprep kit, Qiagen) were

allowed to thoroughly thaw by staying at RT for 30 min. Thawed samples were immediately vortexed for 30 s to homogenize, and

one time (v/v) 70% EtOH was added to each of the sample. After passing all RNA containing liquid through RNAeasy minelute col-

umn, 70 ml of RNase-free DNase I (Qiagen) was applied to the column to remove leftover gDNA. Columnwas thenwashed by sequen-

tial buffer RW, buffer RPE and 80 % EtOH, and RNA was eluted by addition of 14 ml RNase/DNase free water. cDNA synthesis was

done by mixing 11 ml of RNA sample, 1 ml of 2 mM IgA isotype gene-specific primer mix (Lindner et al., 2012), 1 ml of 10 mM of dATP,

dCTP, dGTP and dTTP (Invitrogen). Samples were then heated to 65 �C for 5 min and cooled down for 1 min on ice, and 4 ml 53 first

strand buffer (Invitrogen), 1 ml 0.1 M DTT (Invitrogen), 1 ml RNaseOUT (Invitrogen) and 1 ml Superscript III RT enzyme (Invitrogen) were

added to the reaction. After blending, reactions were incubated at 55 �C for 50 min. The reaction was inactivated by heat at 85 �C for

5 min. Samples were stored at�20 �C until further processing. Amplicons of IgA immunoglobulin heavy chain were obtained by PCR

using forward primermix and IgA specific reverse primer with PlatinumTaq (Qiagen), in a total volume of 50 ml. The forward primermix

is composed of 19 different primers binding into FR1 as previously described (Greiff et al., 2014). Before sequencing, amplicons were

barcoded according to sample resource and pooled for sequencing on the Illumina MiSeq platform (23 250 cycles, paired-end) with

10% PhiX control library. Mean base-call quality was monitored by limiting the Phred score < 30. The resulting FASTQ files were pre-

processed (VDJ alignment and CDR3 annotation) and error-corrected using the MiXCR software package v.3.04 using C57BL/6J

germline gene data (Greiff et al., 2017). For all analyses, clones were defined by 100%amino acid sequence identity of CDR3 regions.

Clones were defined as public if their CDRH3aa sequences were shared at least twice within a given mouse cohort (Germ Free,

E. colipBAD28 and E. colipApyr).

Quantification of clonal overlap

Pairwise clonal overlap between repertoires A andBwas calculated as: Shared clones(A,B)%=AXB /mean(|A|,|B|) *100. where AX
B is the absolute number of shared clones and rAr and rBr signify the number of clones (CDRH3aa) in repertoire A andB, respectively.

Network similarity analysis

Networks of CDR3aa sequences were constructed as previously described (Miho et al., 2019). Briefly, for each repertoire, a network

was drawn using the R package igraph (Csardi and Nepusz, 2006). Within each network, each node is a CDRH3 and links between

nodes were drawn if the inter-node Levenshtein distance is maximally 1 aa. Degree distributions of each repertoire were also deter-

mined using the igraph degree ()-function. The degree of a node is the number of nodes it has links to (=number of CDRH3s 1 amino

acid change apart).

Somatic hypermutations (SHM)

Amino acid somatic hypermutations were quantified using the the MiXCR software package v.3.04 (Greiff et al., 2017).

IEC isolation, RNA extraction and Microarray transcriptomic analysis
IECs were isolated by using a previously described method (Romagnani et al., 2017). Total RNA was extracted from IECs through

Trizol precipitation (Thermo Fisher) and then digested with DNase I at 37 �C for 15 min to remove any contaminating DNA. The quality

of total RNA was first assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA). Biotin-labelled cDNA targets

were synthesized starting from 150 ng of total RNA. Double stranded cDNA synthesis and related cRNA was performed with

GeneChip�WT Plus Kit (Affymetrix, Santa Clara, CA). With the same kit was synthesized the sense strand cDNA before to be frag-

mented and labelled. All steps of the labelling protocol were performed as suggested by Affymetrix, starting from 5.5 mg of ssDNA.

Each eukaryotic GeneChip� probe array contains probe sets for severalB. subtilis genes that are absent in the samples analysed (lys,

phe, thr, and dap). This Poly-A RNA Control Kit contains in vitro synthesized, polyadenylated transcripts for these B. subtilis genes

that are pre-mixed at staggered concentrations to allow GeneChip� probe array users to assess the overall success of the assay.

Poly-A RNA Controls final concentration in each target are lys 1:100,000, phe 1:50,000, thr 1:25,000 and dap 1:6,667. Hybridization

was performed using the GeneChip� Hybridization, Wash and Stain Kit. It contains mix for target dilution, DMSO at a final concen-

tration of 7% and pre- mixed biotin-labelled control oligo B2 and bioB, bioC, bioD and cre controls (Affymetrix cat #900299) at a final

concentration of 50 pM, 1.5 pM, 5 pM, 25 pM and 100 pM, respectively. Fragmented and labelled sscDNA were diluted in hybrid-

ization buffer at a concentration of 23 ng/ml for a total of 2.3 mg and denatured at 99�C for 5 min incubated at 45�C for 5 min and

centrifuged at maximum speed for 1 min prior to introduction into the GeneChip� cartridge. A single GeneChip� Mouse Clariom

S was then hybridized with each biotin-labelled sense target. Hybridizations were performed for 16 h at 45�C in a rotisserie oven.

GeneChip cartridges were washed and stained with GeneChip� Hybridization Wash and Stain Kit in the Affymetrix Fluidics Station

450 following the FS450_0007 standard protocol. The GeneChip arrays were scanned using an Affymetrix GeneChip� Scanner

3000 7G using default parameters. Affymetrix GeneChip� Command Console software (AGCC) was used to acquire GeneChip�
images and generate .DAT and .CEL files, which were used for subsequent analysis with proprietary software. Raw data was
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normalized using the quantile normalization of robust multiarray average (RMA) method. The identification of the differentially

expressed transcripts and the hierarchical cluster analysis with Euclidean distance was performed using the commercial software

Partek Genomics Suite (v6.6).

Gene Ontology (GO) enrichment analysis
The list of differentially expressed genes were loaded into DAVID Bioinformatics Resources (v6.8) (https://david.ncifcrf.gov) (Huang

da et al., 2009) for GO enrichment analysis and visualized using the R packageGOplot (Walter et al., 2015) and ggplot (Wickham et al.,

2019).

Metabolomics analysis of portal vein serum and data analysis
Portal vein serum samples from C57BL/6 and Igh-J-/- monocolonized mice were collected and stored at -80�C until analysis. A tar-

geted metabolomic assay was performed by using the Biocrates AbsoluteIDQ� p180 Kit (Biocrates life Sciences AG, Innsbruck,

Austria).

Briefly, the flow injection analysis tandem mass spectrometry (MS/MS) method was used to quantify 180 known small molecule

metabolites simultaneously by multiple reaction monitoring using an Acquity UPLC chromatographic system (Waters, Millford, MA,

USA) coupled with a Xevo TQ-MS mass spectrometer (Waters, Millford, MA, USA). Quantification of metabolites was achieved by

reference to appropriate internal standards. Reproducibility of the assay was performed on QC serum samples. Metabolomic

data analysis was limited to the 139 compounds reliably detected on the samples. Missing values were imputed by a random number

between zero and the metabolite specific limit of detection. All the statistical analyses were performed on the log transformed inten-

sities to compensate for the known non-normal distribution of metabolomics data. All the analyses were performed in R (Team, 2017)

relying on tidyverse and ggplot (Wickham et al., 2019) for data visualization andmanipulation. The class specificmetabolic dispersion

was evaluated on the euclidean distance matrix in terms of beta-diversity applying the Marti Anderson’s PERMDISP2 procedure for

the analysis of multivariate homogeneity of group dispersions (variances). In presence of comparable dispersions, the significance of

the difference between the groups was tested by permanova. Both approaches are available in R through the vegan R package

(Oksanen et al., 2020). Due to the limited number of samples, pairwise comparisons were performed by univariate t-test. Due to

the expected correlation between the metabolites, p-values were not corrected for multiplicity.

Two-photon imaging
E-cadherinmCFP SPFmice were colonized with GFP expressing E. colipApyr or E. colipBAD28 (see mice and in vivo experiments method

section) before euthanization and two-photon analysis. Proximal colon portions were immediately collected after sacrifice and

cleaned from abdominal fat and connective tissue. Samples were then acquired without opening. Images were acquired with a

Trimscope II upright two-photon microscope (LaVision Biotec) with a Nikon 25x water immersion objective (Nikon MRD77220

25x/NA 1.10). For optimal sampling, pixel size in the axial direction was 186 nm and z-step size 1 mm. Ti:Sa lasers were tuned at

925 nm and 830 nm, and emission fluorescence was collected in the ranges 450-495 nm (CFP), 500-550 nm (GFP), 590-635 nm (au-

tofluorescence) and separatedwith dichroicmirrors at 560 nm, 495 nm, 635 nm. Beamdiameter was set to slight overfill for improving

resolution. Images were analysed with Fiji/ImageJ and spectral unmixing plugin. Images were first combined into stacks, then an

unmixing matrix was applied to separate CFP, GFP and autofluorescence signals. Stacks were then resliced without interpolation

in XZ planes. Finally, the distance from the epithelium was measured for each bacterium.

Sampling, fixation and histochemical staining for mucus layer thickness measurement
Proximal colon segments were fixed in Carnoy’s fixative over-night then incubated 1 h in 70% ethanol, 1 h in 80% ethanol, 1 h in 96%

ethanol, 3.15 h in 100% ethanol, 3.5 h in xylene and 3 h in paraffin. Serial cross sections of formalin-fixed, paraffin-embedded murine

colon tissues were stained with haematoxylin and eosin as well as with a combined alcian blue and periodic acid-Schiff (PAS) stain-

ing. For the latter, sections were deparaffinized and rehydrated before staining in 1% Alcian blue solution pH 2.5 (1 g Alcian blue in

100 ml 3% acetic acid) for 30 min in a water bath at 60�C. Thereafter, sections were rinsed in tap water and stained in 0.5% periodic

acid for 10 min, followed by 10 min in Schiff‘s reagent and 6 min in 0.52% sodium bisulphite. Sections were then stained in Weigert’s

haematoxylin, consisting of ferric chloride solution and 1%haematoxylin in absolute alcohol in equal amounts, for 5 min. After rinsing

again in running tap water, sections were differentiated by hydrochloric acid-ethanol followed by dehydration and mounting.

Bacterial taxonomic profiling by 16S rRNA amplicon sequence analysis
Extraction, lysis and DNA isolation was done by using the Fast DNA Stool Mini Kit (Qiagen) according to manufacturer’s recommen-

dation. Bead beating was run on a fastprep24 instrument (MPBiomedicals; 4 cycles of 45 s at speed 4 followed) in 2 ml screwcap

tubes containing 0.6 g 0.1 mm glass beads. 200 ml of raw extract was prepared for DNA-isolation. Concentration of the isolated

DNA was assessed with PicoGreen measurement (Quant-iTT PicoGreenT dsDNA Assay Kit, Thermo Fisher) and integrity was

checked by agarose gel electrophoresis for a random sample. For the amplification of the bacterial 16S rRNA gene, a primer set

specific for the V3–V4 hypervariable regions was used (Fw: 50- CCT ACG GGN GGC WGC AG -30 (SEQ ID NO: 4); and Rev: 50-
GAC TAC HVG GGT ATC TAA TCC -30 (SEQ ID NO: 5)). Subsequently, the Illumina MiSeq platform and a v2 500 cycles kit were

used to sequence the PCR libraries. The produced paired-end reads, which passed Illumina’s chastity filter, were subjected to
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de-multiplexing and trimming of Illumina adaptor residuals using Illumina’s real time analysis software included in the MiSeq reporter

software v2.6 (no further refinement or selection). The quality of the reads was checked with the software FastQC version 0.11.8. The

sequences were analyzed through the Qiime2 virtual environment (Bolyen et al., 2019). The raw sequences were in total 4’896’770

(median = 71’942, mean = 72’011.3, SD = 15’891.2). The trimming step on the first 7 and the last 25 bases and the reads filtration have

allowed to obtain excellent quality sequences (Phred > 30). A denoising algorithm (Callahan et al., 2016) was implemented on these

sequences. The overlapping regions R1 and R2were joined and the chimeric reads discarded. The reads that resulted from trimming,

filtering and joining steps were in total 1’145’671 (median = 16’277, mean= 16’848.1, SD= 3’897.6). The taxonomic assignment was

performed by BLAST feature-classifier. It performs BLAST+ local alignment between query and reference reads. Then, it assigns

consensus taxonomy to each query sequence on the last database version of Greengenes (gg_12_10). A rooted treewas constructed

based on IQ-TREE stochastic algorithm that allows maximum likelihood analysis of large phylogenetic data (Nguyen et al., 2015).

Sequence reads from 16S rRNA gene profiling have been deposited in the European Nucleotide Archive (ENA) of the European Bio-

informatics Institute under the accession number of the study: PRJEB49686.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using the statistical programming environment R version 4.0.3 (Team, 2017) or GraphPad

Prism v7.04 (GraphPad Software, La Jolla, CA, USA). Alpha diversity was calculated using the main indexes to allow an exploration

of data in term of richness and evenness. Alpha-diversity estimates were computed using the phyloseq R package (McMurdie and

Holmes, 2013). Statistically significant changes in the alpha diversity were determined through the Mann-Whitney signed-rank test.

The microbial community comparison was calculated using PERMANOVA on Weighted distance metrics performed by UniFrac

algorithm (Lozupone et al., 2011). Statistically significant differences in the relative abundance of ASVs between groups were per-

formed by Wald test using FDR p value correction following DESeq2 read counts normalization. Statistical significance was set at

p % 0.05 (*, 0.01 % p % 0.05; **, 0.001 % p % 0.01; ***, p % 0.001). the mean differences with 0.05 < p % 0.10 were accepted

as trends.
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