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SUMMARY
The role of intestinal microbiota on fate determination of intestinal epithelial cells has not been extensively
examined. In this study, we explore the effect of Bacillus subtilis on programmed intestinal epithelial differ-
entiation. We find that B. subtilis stimulates the differentiation of intestinal secretory cells. Moreover,
B. subtilis inhibits the Notch pathway to reduce the expression of hairy and enhancer of split 1, thereby shift-
ing intestinal stem cell differentiation toward a secretory cell fate. Moreover, we demonstrate that the pro-
gramming effect of B. subtilis on intestinal differentiation is Toll-like receptor 2 pathway dependent.
B. subtilis is associated with increased numbers of Paneth and goblet cells in the intestine. This results in
the production of antimicrobial peptides to protect the intestinal mucosal barrier againstSalmonella typhimu-
rium. This study demonstrates that B. subtilis contributes to the differentiation of secretory cells by affecting
Notch pathway signaling to maintain the intestinal barrier.
INTRODUCTION

Host-associated microbiota play critical roles in animal health

and development (Kundu et al., 2017); the mechanisms by which

they influence processes, such as cell differentiation, remain un-

known. Understanding the relationship between microbiota and

intrinsic developmental pathways is key for developing strate-

gies to promote intestinal homeostasis under pathogen stress.

Animal models have been used to investigate many biological

questions but are often too complex to directly elucidate the in-

teractions between intestinal microbiota and epithelial cells. Pre-

vious studies have shown that intestinal organoid culture sys-

tems (Ootani et al., 2009; Sato et al., 2009) can be used in

disease modeling, drug development, and in vitro examination

of cellular differentiation (Kretzschmar and Clevers, 2016). Intes-

tinal stem cell (ISC)-derived organoids contain many types of

differentiated epithelial cells and allow for proliferation and differ-

entiation of the intestinal epithelium under specific conditions.

Co-culture models of intestinal organoids with different micro-

biota enable these complicated interactions to be studied

in vitro (Dutta andClevers, 2017; In et al., 2016). Organoids there-

fore have great potential to improve our current understanding of

intestinal microbiota-host interactions and to replace or reduce

the dependence on animal models in the field.
Ce
This is an open access article under the CC BY-N
The intestinal epithelial lining is in continuous contact with the

intestinal microbiota and is renewed by ISCs (Hou et al., 2017).

ISCs can differentiate into five major cell types in the small intes-

tine but only three in the colon. Primary epithelial cells are known

as absorptive enterocytes in the small intestine. Secretory cell

lineages, including Paneth cells, support the ISC niche and

secrete antimicrobial peptides, mucus-producing goblet cells,

various hormone-secreting enteroendocrine cells, M cells, and

tuft cells. Notably, the colonic crypts lack Paneth cells but con-

tains Paneth-like cells called crypt base goblet cells (Clevers,

2013; Hou et al., 2020b). Each of these intestinal secretory cell

types constitutes an indispensable component of the intestinal

mucosal barrier that defends against pathogen infection. The

Notch pathway plays a critical role in the differentiation of ISCs

toward an intestinal epithelial cell fate by regulating whether a

cell differentiates into an absorptive or secretory lineage (Jensen

et al., 2000; van Es et al., 2005; Yang et al., 2001). Inhibiting the

Notch pathway increases the production of secretory cells at the

expense of absorptive enterocytes and colonocytes (Kazanjian

et al., 2010; van Es et al., 2010).

The mechanisms by which microbiota interfere with Notch

signaling and influence intestinal cell fate are unknown. Studies

have linked Notch signaling to Toll-like receptors (TLRs) that

detect bacterial components and induce innate immune
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responses (Palaga et al., 2008; Shang et al., 2016; Zhang et al.,

2012) via a conserved adaptor protein, Myd88 (Fre et al., 2011).

Others have demonstrated that Myd88-dependent signaling is

required for microbiota to promote zebrafish intestinal epithelial

proliferation (Cheesman et al., 2011). A notable study demon-

strated that modulation of intestinal Notch signaling occurred

downstream of microbial signals that promote secretory fates

and that the microbiota modulated Notch signaling via Myd88

(Troll et al., 2018). Moreover, our previous study revealed the

importance of L. acidophilus in preserving homeostatic func-

tions, preventing the progressive loss of goblet cells, and medi-

ating the risk of Salmonella-induced colitis through the Notch

pathway (Wu et al., 2018).

In this study, we explored the regulatory effects of Bacillus

subtilis on intestinal epithelial differentiation, particularly secre-

tory cell fate, and its role in protecting the integrity of the intesti-

nal mucosal barrier. We found that live B. subtilis stimulated the

differentiation of intestinal secretory cells both in intestinal orga-

noids and ileum of mice. These effects were suppressed by the

addition of DLL4, indicating that B. subtilis inhibited the Notch

pathway to reduce the expression of Hes1, thereby shifting

ISC differentiation toward a secretory cell fate. Moreover, we

demonstrated that the programming effect ofB. subtilis on intes-

tinal differentiation was TLR2/Myd88 pathway dependent. This

study provides evidence that B. subtilis-induced, TLR2-depen-

dent signaling plays a role in Notch-mediated intestinal cell

fate determination. We also established a model to study the in-

teractions between intestinal microbiota and epithelial cells in a

direct manner.

RESULTS

B. subtilis induces the specific expansion of secretory
lineage epithelial cells in intestinal organoids
In the small intestine, Paneth cells and mucus-producing goblet

cells are most abundant in the ileum. Therefore, small intestinal

organoids were isolated from the ileum in all experiments. Based
Figure 1. Bacillus subtilis induces the specific expansion of secretory

(A) Immunostaining of UEA-1 (green) and DAPI (blue) in the organoids at day 3.

groups; n = 12 organoids per group.

(B–D) qPCR for markers of intestinal epithelial cell types in small intestinal org

oendocrine cell (ChgA); n = 6.

(E) Representative pictures of the growth status of organoids stimulated with live

50 mm. Graph showing the surface area of organoids in different groups; n = 24

(F) Immunostaining of UEA-1 (green) and DAPI (blue) in the organoids at day 3.

groups; n = 12 organoids per group.

(G) Immunostaining of lysozyme (red) and DAPI (blue) in the organoids at day 3. S

groups; n = 6 organoids per group.

(H) Immunostaining ofMuc2 (green) andDAPI (blue) in the organoids at day 3. Scal

n = 12 organoids per group.

(I) Immunostaining of Alpi (red) and DAPI (blue) in the organoids at day 3. Scale ba

groups; n = 6 organoids per group.

(J) Immunostaining of Lgr5 (green) and DAPI (blue) in the organoids at day 3. Scale

group.

(K) Immunostaining of EdU (red) and DAPI (blue) in the organoids at day 3. Scale

group.

(L) qPCR for markers of intestinal epithelial cell types in organoids in different gr

Data are the mean ± SD; comparisons performed with t tests (two groups) or ana

Results are representative of three independent experiments.
on an adaptation of previous models (Hou et al., 2018; Lu et al.,

2020; Wu et al., 2020), we established a co-culture system con-

sisting of small intestinal organoids and different bacteria to

determine their unique roles in the programming of intestinal

epithelial differentiation (Figure S1A). Lipoteichoic acid (LTA)/

lipopolysaccharide (LPS) antibodies were used to detect the dif-

ferential capacity of gram-positive and -negative bacteria to

attach to small intestinal organoids (Figure S1B). We found that

B. subtilis 168 and B. subtilis WB800 exhibited higher colony

counts than the other strains (Figure S1C). After 3 days, we

examined the modulatory effect of intestinal microbiota on the

fate determination of intestinal epithelial cells in intestinal orga-

noids. Ulex europaeus agglutinin-1 (UEA-1) was used to label in-

testinal epithelial secretory cells (Mahapatro et al., 2016). Inter-

estingly, treatment with B. subtilis 168 and B. subtilis WB800

increased the number of UEA-1+ cells in the intestinal organoids

(Figure 1A). In addition, B. subtilis treatment increased the

messenger RNA (mRNA) expression of lysozyme 1 (Lyz1), mucin

2 (Muc2), and chromogranin A (ChgA) in small intestinal organo-

ids, which were used as gut-specific markers for Paneth, goblet,

and enteroendocrine cells, respectively (Figures 1B–1D).

Leucine-rich repeat containing G protein-coupled receptor 5

(Lgr5)+ ISCs and progenitors were defined as Lgr5-GFPhi cells

and Lgr5-GFPlow cells in Lgr5-GFP mice, respectively (Sato

et al., 2009; Snippert et al., 2010). We first isolated Lgr5+ ISCs

from Lgr5-GFP mice by fluorescence-activated cell sorting

(FACS). Lgr5+ ISCs developed into Lgr5-GFP organoids. Flow

cytometry analysis showed that B. subtilis treatment decreased

the number of Lgr5+ ISCs and progenitors in Lgr5-GFP organo-

ids more than that seen under other strains treatment (Fig-

ure S2A). Additionally, B. subtilis treatment decreased expres-

sion of Lgr5+ ISC marker genes (Lgr5 and olfactomedin 4

[Olfm4]) in Lgr5-GFP organoids (Figure S2B).

We selected B. subtilis 168 (hereinafter referred to as

B. subtilis) as a typical strain to study the role of bacteria on

epithelial differentiation fate. Small intestinal organoids were

cultured with live or heat-killed (HK) B. subtilis for 3 days.
lineage cells in mouse small intestinal organoids

Scale bar, 100 mm. Graph showing UEA-1+ cells per organoid bud in different

anoids in different groups: Paneth cell (Lyz1), goblet cell (Muc2), and enter-

or HK B. subtilis from 1 to 7 days, as observed by light microscope. Scale bar,

organoids per group.

Scale bar, 100 mm. Graph showing UEA-1+ cells per organoid bud in different

cale bar, 50 mm. Graph showing lysozyme+ cells per organoid bud in different

e bar, 250 mm.Graph showingMuc2+ cells per organoid bud in different groups;

r, 250 mm. Graph showing mean fluorescence intensity (MFI) of Alpi in different

bar, 75 mm. Graph showingMFI of Lgr5 in different groups; n = 6 organoids per

bar, 50 mm. Graph showing MFI of EdU in different groups; n = 6 organoids per

oups: Lyz1, Muc2, ChgA, absorptive enterocyte (Alpi), and Lgr5+ ISC (Lgr5).

lysis of variance (ANOVA) (multiple groups). *p < 0.05, **p < 0.01, ***p < 0.001.
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Immunofluorescence (IF) staining and plate counting showed

that only live B. subtilis attached to the organoids (Figure S1D)

and grew in the co-culture system (Figure S1E). HK B. subtilis

lost its ability to attach to the organoid (Figure S1D). No changes

in the surface area of the intestinal organoids were observed

from day 1 to day 7 (Figure 1E). After 3 days, we examined the

number of secretory cells in the intestinal organoids. Interest-

ingly, treatment with live B. subtilis significantly increased the

number of UEA-1+ cells in small intestinal (Figure 1F) and colonic

organoids (Figure S3A). Moreover, IF staining demonstrated that

live B. subtilis treatment increased the number of lysozyme+

Paneth cells (Figure 1G) and Muc2+ goblet cells (Figure 1H).

Treatment with B. subtilis also significantly increased the

mRNA expression of Lyz1,Muc2, andChgA in small intestinal or-

ganoids (Figure 1L) and of Muc2 in colonic organoids (Fig-

ure S3B). In contrast, IF staining and qPCR analysis showed

thatB. subtilis treatment decreased expression of the enterocyte

marker alkaline phosphatase (Alpi) and Lgr5 (Figures 1I, 1J, and

1L). 5-Ethynyl-20-deoxyuridine (EdU) was used to label prolifer-

ating cells (Buck et al., 2008). Interestingly, we observed a lower

percentage of EdU+ cells in the organoids treated with live

B. subtilis (Figure 1K). However, HK B. subtilis did not exhibit a

stimulatory effect on the programming of intestinal epithelial dif-

ferentiation. These results indicated that live B. subtilis inhibited

the proliferation of Lgr5+ ISCs but significantly promoted the dif-

ferentiation toward the secretory cell line.

B. subtilis regulates intestinal cell fate determination by
inhibiting the Notch pathway
Early expression of key transcription factors, such as Hes1 and

Math1, is known to direct intestinal epithelial differentiation to-

ward two major lineages, either absorptive or secretory (Gazit

et al., 2004; Mahapatro et al., 2016). Because our model showed

a specific increase in secretory lineage cells, we hypothesized

that B. subtilis might regulate the expression of these differenti-

ation factors. Indeed, we observed that the mRNA expression of

the early differentiation markers Math1, growth factor indepen-

dent 1 transcriptional repressor (Gfi1), SRY-box transcription

factor 9 (Sox9), and Kruppel-like factor 4 (Klf4) were higher,

whereas the expression levels of Hes1 were lower, in organoids

treated with B. subtilis than in controls (Figure 2A). Because the

Notch pathway has been demonstrated to promote the expres-
Figure 2. B. subtilis regulates intestinal cell fate decisions by inhibiting

(A–F) Small intestinal organoids were treated with live B. subtilis 168 for 3 days.

(A) qPCR analysis of early the differentiation marker genes Hes1, Math1, Gfi1, S

(B and C) Immunostaining of NICD-1 (red) and DAPI (blue) in the organoids at day

organoids per group.

(C) Immunostaining of Hes1 (red) and DAPI (blue) in the organoids at day 3. Scale b

group.

(D and E) Western blot analysis of DLL4 and NICD-1 expression in the organoid ly

of DLL4 and NICD-1 levels in different groups; n = 3.

(F) qPCR analysis of the Notch ligands Dll1, Dll4, and Jag-1 in intestinal organoid

(G and H) Small intestinal organoids were treated with B. subtilis, DLL4, a Notch

(G) Immunostaining of UEA-1 (green) in the organoids at day 3. Scale bar, 50 mm

organoids per group.

(H) qPCR analysis of Lyz1 and Muc2 in the organoids.

Data represent the mean ± SD of three independent experiments; comparisons

**p < 0.01, ***p < 0.001.
sion of Hes family genes and to repress the expression of

Math1 (Tsai et al., 2014), we hypothesized that B. subtilis pro-

grams epithelial differentiation by regulating Notch signaling.

Immunostaining revealed that NICD-1 and Hes1 proteins were

abundantly expressed in small intestinal organoids in the control

group, but their expression was downregulated in the B. subtilis

group (Figures 2B and 2C). These findings were further sup-

ported by western blot analyses showing that the intensities of

both DLL4 and NICD1 bands were lower in small intestinal orga-

noids treated withB. subtilis than in controls (Figures 2D and 2E).

Moreover, qPCR analysis showed that the expression of the

Notch ligands Dll1, Dll4, and Jag1 was lower in small intestinal

organoids treated with B. subtilis than in the control (Figure 2F).

Paneth cells express theNotch ligandsDll1, Dll4, and Jag1.We

isolated CD24+SSChi Paneth cells from the small intestinal orga-

noids or ilea of mice treated with B. subtilis (Figure S7A). qPCR

analyses showed that B. subtilis treatment decreased the

expression levels ofDll1,Dll4, and Jag in these Paneth cells (Fig-

ure S7B) and in the ileal crypts (Figure S7C). To investigate

whether Notch signaling is functionally involved in epithelial re-

sponses to B. subtilis, we treated B. subtilis-stimulated intestinal

organoids with or without the Notch ligand DLL4 or the Notch in-

hibitor N-[N-(3, 5-difluorophenacetyl)-L-alanyl]-S-phenylglyci-

net-butylester (DAPT). Intestinal organoids that were treated

with eitherB. subtilis or DAPT developedmore UEA-1+ secretory

cells (Figure 2G). However, the addition of DLL4 completely

blocked B. subtilis-induced expansion of secretory cells (Fig-

ure 2G) and decreased the mRNA expression of Lyz1 and Muc2

(Figure 2H). Collectively, these data demonstrate that B. subtilis

inhibited Notch signaling to promote the reprogramming of intes-

tinal epithelial differentiation toward a secretory cell fate in vitro.

B. subtilis modulates the differentiation of secretory
lineage cells in mice
Mice were administered phosphate-buffered saline (PBS;

200 mL) or 108 colony-forming units (CFUs) of B. subtilis sus-

pended in 200 mL of PBS once per day for a period of 21 days.

B. subtilis colonization in the intestine of mice treated with or

without B. subtilis on day 21 was then analyzed by qPCR and

plate counting. Higher B. subtilis abundance was found in the

ileal contents of mice treated with B. subtilis than in those of

the control group, according to the standard curve of bacteria
Notch signaling

ox9, and Kfl4 in the organoids; n = 6.

3. Scale bar, 250 mm. Graph showing MFI of NICD-1 in different groups; n = 12

ar, 50 mm.Graph showingMFI of Hes1 in different groups; n = 12 organoids per

sates; GAPDH was used as a loading control. Graph showing the quantification

s; n = 6.

inhibitor (DAPT), and their combinations for 3 days.

. Graph quantifying UEA-1+ cells per organoid bud in different groups; n = 24

performed with t tests (two groups) or ANOVA (multiple groups). *p < 0.05,
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(Figure 3A) and plate counting (Figure S4A). Moreover, these re-

sults indicated that B. subtilis was effectively delivered to the

small intestine of the treated mice. B. subtilis treatment was

associated with increased villus height and crypt depth but

decreased the villus:crypt ratio in the ileum (Figure S5A). Subse-

quently, we examined the effect of B. subtilis on secretory cell

differentiation in the ileum from day 1 to day 21 in vivo. Treatment

with B. subtilis was associated with a significant increase in

the number of periodic acid-Schiff (PAS)+ cells in the ileum at

day 21 (Figure 3B). Moreover, IF staining demonstrated that

B. subtilis significantly increased the number of UEA-1+ intestinal

secretory cells (Figure 3C) and lysozyme+ Paneth cells (Fig-

ure 3D). Tuft cells, which are taste-chemosensory epithelial cells,

accumulate during parasite colonization and infection. IF stain-

ing showed an increase in tuft cells in the ileum of mice treated

with B. subtilis (Figure 3E). Olfm4 can serve as a useful marker

for Lgr5-type stem cells in the small intestine (van der Flier

et al., 2009). IF staining in B. subtilis-treated mice showed

decreased expression of Olfm4 (Figure 3F) and the cell prolifer-

ation marker Ki67 (Figure 3G) in the ileum. Moreover, qPCR an-

alyses showed that B. subtilis treatment increased the expres-

sion levels of Lyz1 and Muc2 but decreased the levels of Alpi

and Olfm4 in ileum (Figure 3H). Western blot analyses showed

that the intensity of NICD-1 and Hes1 bands was lower in the

ilea of mice treated with B. subtilis than in those of the control

group (Figures 3I and 3J). However, ileal Math1 protein expres-

sion was higher in the B. subtilis group than in the control group

(Figure 3K). Paneth cells limit bacterial invasion by secreting anti-

microbial peptides (AMPs; including lysozyme; a-defensins,

such as defensin a1 [Defa1] and Defa5; angiogenin 4 [Ang4];

and PLA2G2A; Bevins and Salzman, 2011). Trefoil factor family

3 (TFF3) is the secondmost abundant goblet cell product behind

mucins and facilitates not only intestinal epithelial restitution

but also mucosal protection (Kim and Ho, 2010). We found that

lysozyme, Ang4, and TFF3 limited the invasion of Salmonella

typhimurium into Caco-2 cells in a dose-dependent manner

(Figures S6A and S6B). Notably, treatment with B. subtilis

increased the expression of these AMPs (Defa1, Defa5, Ang4,

PLA2G2A, and TFF3) in the ileum (Figure 3L). Overall, these re-

sults show that B. subtilismodulated the differentiation of secre-

tory lineage cells through the Notch signaling pathway in vivo.

TLR2-Myd88-dependent signaling is essential for the
B. subtilis-induced expansion of secretory cells
To determine the role of TLR2 in B. subtilis-mediated inhibition of

Notch signaling, we first obtained small intestinal organoids from

wild-type (WT) and TLR2�/� mice. IF staining and western blot
Figure 3. B. subtilis induces the specific expansion of secretory lineag

(A–I) Mice were orally administered B. subtilis 168 (1 3 108 CFUs) or PBS once a

(A) B. subtilis 168 in the ileal contents (right panel). The CFU number was determ

(B) Representative pictures of PAS staining in the ileum from day 1 to day 21. Sc

(C–G) Immunostaining of UEA-1 (green), lysozyme (red), DCLK1 (green), Olfm4 (r

showing UEA-1+ cells per villus or crypt and MFI of lysozyme (red), Olfm4 (red),

(H) qPCR analysis of ileal Lyz1, Muc2, Alpi, and Olfm4.

(I–K) Western blot analysis of ileal NICD-1, Hes1, and Math1 expression. GAPDH

(L) ELISA of antimicrobial peptides (Defa1, Defa5, Ang4, and PLA2G2A) and TFF

Data represent the mean ± SD of three independent experiments; comparisons
analyses showed that the TLR2 protein was abundantly ex-

pressed in the organoids from WT mice but was not detected

in the TLR2�/� organoids (Figures 4A and 4B). In addition,

TLR2 knockout did not alter the number of UEA-1+ intestinal

secretory cells, neither in vitro (Figure 4A) nor in vivo (Figure S5B).

Western blot analyses showed that the intensity of the bands for

MyD88 increased in the organoids obtained from WT mice

treated with B. subtilis but not in those from the TLR2�/� group

(Figure 4B). Furthermore, we found that B. subtilis induced the

specific expansion of secretory lineage cells. Strikingly, no in-

crease was seen in the number of UEA-1+ and lysozyme+ cells

nor in the mRNA expression of secretory cell markers in

TLR2�/� organoids stimulated with B. subtilis (Figures 4C–4E).

Although the differences were not significant (p > 0.05), the

expression of Notch-related genes (Notch1, Notch2, Jag1,

Dll1, Dll4, Hes1, and Math1) showed a rising trend in the

TLR2�/� organoids stimulated with B. subtilis (Figure 4F). Treat-

ment withB. subtilis did not alter the number of PAS+, lysozyme+,

or Muc2+ cells in the ileum of TLR2�/� mice (Figures 4G–4I). To

further explore the role of TLR2-Myd88-dependent signaling,

we treated small intestinal organoids from WT mice with

B. subtilis, B. subtilis culture supernatant, a TLR2 agonist

(LTA), a TLR2 inhibitor (CUCPT22), and their combinations for

3 days. Interestingly, both B. subtilis and LTA treatment

increased the mRNA expression of Lyz1, Muc2, TLR2, MyD88,

and Math1 (Figures 4J–4L) but significantly downregulated the

expression of Notch-related genes (Dll1, Dll4, and Hes1) (Fig-

ure 4L). However, CUCPT22 treatment resulted in the opposite

expression patterns (Figures 4J–4L). Collectively, these data

demonstrate that TLR2-Myd88-dependent signaling is essential

for B. subtilis-induced expansion of secretory cells.

S. typhimurium infection and invasion in intestinal
organoids
To build an intestinal organoid culture system to represent

salmonellosis, we first infected intestinal organoids with patho-

genic S. typhimurium SL1344. As shown in Figure 5A, we found

thatS. typhimurium infection led to the disruption of normal orga-

noid morphology, with a large number of dead cells seen under a

light microscope. We further found that a large number of

S. typhimurium cells had invaded the organoids (Figure 5B). To

visualize the invasion of S. typhimurium into small intestinal orga-

noids, we colonized the cultures with fluorescence-labeled

S. typhimurium for 90 min. Green fluorescence-labeled

S. typhimurium attached to and invaded the organoids (Fig-

ure 5C). Moreover, ELISA data showed that the levels of the in-

flammatory cytokines interleukin-1b (IL-1b) and tumor necrosis
e cells in vivo

day for 21 days.

ined by qPCR according to the standard curve of B. subtilis (left panel).

ale bar, 50 mm. Graph showing PAS+ cells per villus; n = 6 mice per group.

ed), Ki67 (red), and DAPI (blue) in the ileum at day 21. Scale bar, 50 mm. Graph

and Ki67 (red); n = 6 mice per group.

and b-tubulin were used as loading controls; n = 3 mice per group.

3 expression in the ileum.

performed with t tests (two groups). *p < 0.05, **p < 0.01, ***p < 0.001.
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factor a (TNF-a) were higher in the culture medium at 12 h post-

infection (Figures 5D and 5E).

B. subtilis protects the intestinal barrier against
S. typhimurium infection by increasing secretory cell
levels
Paneth and goblet cells are important secretory epithelial cells

with innate immune functions and roles in defense against enteric

pathogens (Lievin-LeMoal and Servin, 2006). Indeed, B. subtilis-

treated intestinal organoids exhibited increased levels of lyso-

zyme and Muc2, which are markers of Paneth and goblet cells,

respectively. These findingswere further supported by qPCR an-

alyses of AMPs produced by Paneth and goblet cells in small in-

testinal organoids, including Defa1, Defa5, Ang4, PLA2G2A, and

TFF3 (Figure 6A). Small intestinal organoids were treated with

B. subtilis, DLL4, and S. typhimurium according to the methods

described in Figure 6B. Briefly, the organoids were first treated

with or without B. subtilis and DLL4 for 3 days. Interestingly, the

Salmonellaburdenwas lower at 12 hpost-infection in the organo-

ids treated withB. subtilis alone than in the control and DLL4 plus

B. subtilis groups (Figures 6E and 6F). Moreover, the number of

disrupted organoids was significantly lower in the B. subtilis

group, and this was reversed by addition of DLL4 (Figures 6C

and 6D). Moreover, ELISA data showed that at 12 h post-infec-

tion, the levels of IL-1b and TNF-a were significantly lower in

the culture medium of the B. subtilis group than in those of the

control and DLL4 plus B. subtilis groups (Figure 6G). Moreover,

B. subtilis treatment decreased the number of disrupted organo-

ids (FigureS3C) andS. typhimurium invasion in colonic organoids

(Figure S3D). Collectively, these data suggest thatB. subtilis pro-

tected the gut from S. typhimurium infection and promoted epi-

thelially mediated antimicrobial defenses.

B. subtilis provides protection against the pathogen
S. typhimurium in mice
To further clarify the protective role ofB. subtilis, micewere orally

administered B. subtilis (1 3 108 CFUs) or PBS once a day for
Figure 4. TLR2 is essential for B. subtilis-induced secretory cell expan

(A–F) Small intestinal organoids from TLR2�/� mice were treated with live B. sub

(A) Immunostaining of TLR2 (red), UEA-1 (green), and DAPI (blue) in the organoids

n = 12 organoids per group.

(B) Western blot analysis of TLR2 and MyD88 expression in the organoid lysates

n = 3.

(C) Immunostaining of UEA-1 (green) and DAPI (blue) in the organoids at day 3.

ganoids per group.

(D) Immunostaining of lysozyme (red) and DAPI (blue) in the organoids at day 3

organoids per group.

(E) qPCR analysis of intestinal epithelial cell marker genes (Lyz1, Muc2, ChgA, a

(F) qPCR analysis of Notch-related genes (Notch1, Notch2, Jag1, Dll1, Dll4, Hes

(G–I) TLR2�/� mice were orally administered B. subtilis 168 (1 3 108 CFUs) or PB

(G) Representative pictures of ileal PAS staining at day 21. Scale bar, 50 mm. Gr

(H and I) Immunostaining of lysozyme (red), Ki67 (red), and DAPI (blue) in the ileum

mice per group.

(H–J) Small intestinal organoids fromWTmice were treated withB. subtilis,B. sub

(CUCPT22), and their combinations for 3 days.

(J and K) qPCR analysis of Lyz1, Muc2, TLR2, and MyD88 in the organoids; n =

(L) qPCR analysis of Notch-related genes (Dll1, Dll4, Hes1, and Math1) in the org

Data represent the mean ± SD of three independent experiments; comparisons

**p < 0.01, ***p < 0.001.
21 days. Mice were orally administered S. typhimurium strain

1344 (1 3 108 CFUs) once, on day 14. S. typhimurium infection

caused a reduction in body weight in the control group, but

this affect was attenuated in the group administered B. subtilis

(Figure 7A). The protective effect of B. subtilis against

S. typhimurium was also demonstrated by survival testing of

mice (Figure 7B) and intestine length (Figure 7C). Hematoxylin

and eosin (H&E) staining showed that Salmonella infection

decreased ileal villus height and crypt depth in the control group

but not in the B. subtilis group (Figure 7D). Moreover, B. subtilis

treatment increased AMP expression (Defa1, Defa5, Ang4,

PLA2G2A, and TFF3) in the ileum of mice infected with

S. typhimurium (Figure 7E). B. subtilis treatment also reduced

LPS concentration in the serum (Figure 7F) and secreted levels

of proinflammatory cytokines (IL-1b and TNF-a) in the ileum

(Figures 7G and 7H). We also found that treatment with

B. subtilis reduced the burden of S. typhimurium in feces (Fig-

ure 7I). Collectively, these results indicated that intragastric

administration of B. subtilis improved mouse resistance against

S. typhimurium infection. These findings led us to ask whether

the protective effect of B. subtilis is mediated by an increase in

secretory cells. S. typhimurium infection induced a significant

loss in the number of secretory goblet and Paneth cells in the

ileum (Figures 7J and 7K). However, treatment with B. subtilis

significantly alleviated this loss (Figures 7J and 7K). Moreover,

qPCR analyses showed that the expression levels of Notch

signaling-related genes (Notch1, Dll1, Dll4, Jag1, and Hes1)

were lower in the ileum ofmice treated withB. subtilis (Figure 7L).

Overall, these results demonstrated thatB. subtilis provided pro-

tection against the pathogen S. typhimurium in mice through a

mechanism mediated, at least in part, by Notch signaling.

DISCUSSION

Host-associated microbiota play critical roles in animal health

and development (Kundu et al., 2017); the mechanisms by which

they influence processes, such as cell differentiation, remain
sion

tilis 168 for 3 days.

at day 3. Scale bar, 50 mm. Graph quantifying UEA-1+ cells per organoid bud;

; GAPDH was used as a loading control. Graph quantifying TLR2 and MyD88;

Scale bar, 100 mm. Graph showing UEA-1+ cells per organoid bud; n = 12 or-

. Scale bar, 50 mm. Graph showing lysozyme+ cells per organoid bud; n = 12

nd Alpi); n = 6.

1, and Math1) in the organoids; n = 6.

S as a control once a day for 21 days.

aph showing PAS+ cells per villus; n = 6 mice per group.

at day 3. Scale bar, 50 mm. Graph showing MFI of lysozyme and Muc2; n = 6

tilis culture supernatant, a TLR2 agonist (lipoteichoicacid, LTA), a TLR2 inhibitor

6.

anoids; n = 6.

performed with t tests (two groups) or ANOVA (multiple groups). *p < 0.05,
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Figure 5. Salmonella typhimurium infection and invasion in mouse small intestinal organoids

(A) Micrographs showing representative small intestinal organoids, infected or not infected with S. typhimurium. Scale bar, 200 mm.

(B) Quantification of invasive Salmonella cells per well in the organoids colonized with or without Salmonella at 12 h post-infection; n = 6.

(C) Salmonella (green) attached to and invaded the organoids. Scale bar, 50 mm.

(D and E) ELISA of inflammatory cytokine (TNF-a and IL-1b) levels in culture medium at 12 h post-infection; n = 6.

Data represent the mean ± SD of three independent experiments; comparisons performed with t tests (two groups). *p < 0.05, **p < 0.01, ***p < 0.001.
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unknown. A system called mini-gut organoid culture has been

introduced in previous studies (Mahe et al., 2013; Sato et al.,

2009). Studies using intestinal organoids have advanced our un-

derstanding of host-microbiota interactions and development of

the intestines. Co-culture strategy of organoids and microbe

have been summarized and described in a recent review (Pusch-

hof et al., 2021). Microbes can be microinjected into organoids,

added during organoid shearing, or added to monolayers grown

from cell lines, organoids, or explants (Puschhof et al., 2021). The

method we used is to add bacteria during organoid shearing. In

our present study, we established a co-culture system of intes-

tinal organoids and different bacteria to determine the role of

different bacteria in the programming of intestinal epithelial dif-

ferentiation. To ensure that all co-cultures were successful, we

addressed the differential capacity of the strains to attach to

the organoids. IF staining showed that B. subtilis 168,

B. subtilis WB800, Lactobacillus acidophilus ATCC4356, and
10 Cell Reports 40, 111416, September 27, 2022
E. coli successfully attached to the organoids. All the strains

grew well in the organoids. Moreover, we found that B. subtilis

168 andB. subtilisWB800 grewmore successfully than the other

strains in the organoids. This may be due to the characteristics

and oxygen demand of the different bacteria.

ISCs continuously self-renew and give rise to progenitors

(transit-amplifying cells), which undergo additional cell divisions

prior to terminal differentiation and maturation (van der Flier and

Clevers, 2009). By building organoid-Lactobacillus co-culture

models, we previously showed that the Lactobacillus could

accelerate ISC-mediated intestinal epithelial development (Hou

et al., 2018; Lu et al., 2020; Wu et al., 2020). Interestingly, treat-

ment with B. subtilis increased the number of secretory Paneth

and goblet cells. Nevertheless, B. subtilis treatment decreased

the number of Lgr5+ ISCs, progenitor cells, and absorptive line-

age cells. Moreover, we observed a lower percentage of EdU+

cells in organoids treated with B. subtilis. Collectively, these



Figure 6. B. subtilis provides protection against the pathogen S. typhimurium in mouse small intestinal organoids

(A) qPCR analysis of the levels of antimicrobial peptides (Defa1, Defa5, Ang4, and PLA2G2A) and TFF3 in small intestinal organoids with or without B. subtilis

stimulation; n = 6.

(B) Different treatment methods used in each group (Ctrl, B.s, S.t, B.s-S.t, and (DLL4+B.s)-S.t).

(C) The morphology of the organoids in different groups was observed with a light microscope at 12 h post-infection. Scale bar, 200 mm.

(D) The relative number of disrupted organoids (red arrow) in the different groups at 12 h post-infection; n = 6.

(E) Photo used to determine plate counts in the different groups (Ctrl, B.s, S.t, B.s-S.t, and (DLL4+B.s)-S.t) at 12 h post-infection.

(F) Number of invasive Salmonella in the organoids at 12 h post-infection; n = 6.

(G) ELISA of inflammatory cytokine (TNF-a and IL-1b) levels in culture medium at 12 h post-infection; n = 6.

Data represent the mean ± SD of three independent experiments; comparisons performed with t tests (two groups) or ANOVA (multiple groups). *p < 0.05,

**p < 0.01, ***p < 0.001.
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Figure 7. B. subtilis provides protection against the pathogen S. typhimurium in mice

Micewere orally administeredB. subtilis 168 (13 108CFUs) or PBS as a control once a day for 21 days. Somemicewere orally administered S. typhimurium strain

1344 (1 3 108 CFUs) once on day 14.

(A) Changes in body weight were monitored daily starting from day 1 to day 19 and presented relative to the initial body weight; n = 6.

(B) Time course of mouse survival; n = 6.

(C) Representative pictures of mouse intestines. Graph showing small intestine and colon lengths; n = 6 mice.

(D) Representative pictures of H&E staining in the ileum. Scale bar, 100 mm. Graph showing villus height and crypt depth; n = 6.

(E) ELISA of antimicrobial peptides (Defa1, Defa5, Ang4, and PLA2G2A) and TFF3 expression in the ileum; n = 6.

(F–H) ELISA of LPS in the serum and IL-1b and TNF-a in the ileum; n = 6.

(I) Salmonella burden in the feces, as determined on streptomycin agar plates at 7 days post-infection. Figure shows the CFU per gram of fecal sample; n = 6.

(J) Representative images of PAS staining in the ileum at day 21. Scale bar, 50 mm. Graph showing PAS+ cells per villus; n = 6.

(legend continued on next page)
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data support the hypothesis that B. subtilis induces a program-

ming effect whereby ISCs differentiate toward a secretory cell

fate at the expense of absorptive enterocytes and proliferation.

However, due to the lack of lineage tracing experiments, other

mechanisms independent of ISC function may be involved in

the differentiation of intestinal secretory lineages by B. subtilis.

The activities of ISCs are tightly regulated by several

niche-signaling pathways, including Wnt/b-catenin, the Notch

pathway, and BMP signaling, such that intestinal homeostasis

is appropriately balanced under various physiological and path-

ological conditions (Gehart and Clevers, 2019). Notch signaling

is a keymechanism for cell fate determination throughout the an-

imal kingdom (Siebel and Lendahl, 2017). Unlike other stem cells,

ISCs co-exist with intestinal microbiota, which may influence dif-

ferentiation of the epithelium (Siebel and Lendahl, 2017). There-

fore, we utilized both organoid and mouse models to test

whether B. subtilis influences secretory fate via Notch signaling.

We demonstrated that B. subtilis inhibits Notch pathway

signaling by reducing the expression of Notch ligands and target

genes (Hes1), both in vivo and in vitro. Paneth cells express

Notch ligands, such as Dll1, Dll4, and Jag1. In our experiment,

we found that the expression of Notch ligand genes decreased

upon B. subtilis treatment, although the number of Paneth cells

increased. However, the number of ligands expressed by Paneth

cells decreased. To verify our findings, we isolated CD24+SSChi

Paneth cells from the small intestinal organoids or ilea of mice

treated with B. subtilis. qPCR analyses showed that B. subtilis

treatment decreased the expression levels of Dll1, Dll4, and

Jag1 in these Paneth cells. Moreover, B. subtilis increased the

expression of lineage-specific transcription factors, such as

Math1, Sox9, and Gfi1, which are required for the proper differ-

entiation of secretory cells (van der Flier and Clevers, 2009).

These results suggest that B. subtilis inhibits the Notch pathway

and induces an increase in secretory cell counts.

The mechanisms by which microbiota interact with the Notch

signaling pathway and influence intestinal cell fate are largely

unknown. TLRs play a crucial role in recognizing microbial com-

ponents via the innate immune system. The microbe-associated

molecular patterns (MAMPs) on the surfaces of B. subtilis cells

contain peptidoglycans, such as LTA and wall teichoic acid,

which are predominantly detected by TLR2 (Lebeer et al.,

2010). Studies have linked Notch signaling to TLRs, which

detect bacterial components and induce innate immune re-

sponses (Palaga et al., 2008; Shang et al., 2016; Zhang et al.,

2012) via a conserved adaptor protein, Myd88 (Fre et al.,

2011). Additionally, Troll et al. demonstrated that modulation

of intestinal Notch signaling occurs downstream of microbial

signals that promote secretory fates and that microbiota modu-

late Notch signaling via MyD88 (Troll et al., 2018). These studies

have indicated that TLR2 signals may be involved in the differ-

entiation of intestinal secretory lineages by B. subtilis through

the Notch pathway. Utilizing TLR2�/� mice and a TLR2 inhibitor,
(K) Immunostaining of lysozyme (red) and DAPI (blue) in the ileum at day 21. Sca

(L) qPCR analysis of Notch-related genes (Math1, Dll1, Dll4, Jag1, and Hes1) in t

Data represent the mean ± SD of three independent experiments; comparisons

**p < 0.01, ***p < 0.001.
our results showed that the MAMP-LTAs from B. subtilis partic-

ipated, at least in part, in the process of inhibition of Notch

signaling in a TLR2-MyD88-dependent manner. Our research

answers the question, to some extent, of how B. subtilis affects

Notch signaling. We look forward to revealing the specific

mechanisms in future research.

The mucus layer and the AMPs overlying the epithelium are

secreted by goblet cells and Paneth cells and promote the elim-

ination of gut contents, representing the first line of defense

against physical and chemical injury caused by ingested food,

microbes, and microbial products (Bevins and Salzman, 2011;

Birchenough et al., 2015). Paneth cells produce a variety of

AMPs, such as lysozyme, a-defensins, Ang4, and PLA2G2A.

MUC2 is the major secretory mucin synthesized and secreted

by goblet cells into the intestines. TFF3 blocks apoptosis and

contributes to the innate immune response mediated by the

mucosal sensor systems of the commensal microbiota. These

two goblet cell products not only facilitate intestinal epithelial

restitution but also promote mucosal protection (Kim and

Khan, 2013; Kim and Ho, 2010). Moreover, we selected several

products of Paneth cells and goblet cells such as lysozyme,

Ang4, and TFF3 and verified the resistance of these products

to S. typhimurium. We found that lysozyme, Ang4, and TFF3

limited the invasion of S. typhimurium into intestinal epithelial

cells in a dose-dependent manner. S. typhimurium infection

damaged epithelial cells and increased the secretion of TNF-a

and IL-1b both in vivo and in vitro. However, B. subtilis treatment

significantly increased the number of Paneth cells, goblet cells,

and AMPs, defending against S. typhimurium infection. Treat-

ment with DLL4 eliminated this protective effect against

S. typhimurium infection, indicating that the ability of B. subtilis

to inhibit Notch pathway signaling is essential to maintain the

integrity of the intestinal mucosal barrier.

In conclusion, we demonstrated that B. subtilis inhibits Notch

pathway signaling, programs intestinal epithelial cells to differ-

entiate toward a secretory cell fate, and increases the produc-

tion of mucins and AMPs to defend against S. typhimurium

infection. Moreover, we showed that the regulatory effect of

B. subtilis on epithelial differentiation is TLR2 dependent.

Therefore, the results of this study indicate that probiotic com-

ponents of the intestinal microbiota, such as B. subtilis, affect

ISC differentiation and proliferation to protect the mucosal bar-

rier. However, how B. subtilis acts on TLR2 and affects the

Notch signaling pathway remains unclear. Our previous study

clarified that the Lactobacillus reuteri metabolite indole-3-alde-

hyde stimulated lamina propria lymphocytes to secrete IL-22

through the aryl hydrocarbon receptor, inducing phosphoryla-

tion of STAT3 to accelerate proliferation of ISCs (Hou et al.,

2018). Moreover, another study demonstrated that micro-

biota-derived lactate accelerated ISC-mediated epithelial

development in mice (Lee et al., 2018). The finding that

B. subtilis can modulate host intestinal epithelial Notch
le bar, 50 mm. Graph showing MFI of lysozyme in different groups; n = 6.

he ileum; n = 6.

performed with t tests (two groups) or ANOVA (multiple groups). *p < 0.05,
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signaling offers great potential for effective therapeutic ap-

proaches to promote intestinal health.
Limitations of the study
We showed that B. subtilis inhibited the proliferation of Lgr5+

ISCs but significantly promoted the differentiation toward the

secretory cell line. However, due to the lack of lineage tracing ex-

periments, other mechanisms independent of ISC function may

be involved in the differentiation of intestinal secretory lineages

by B. subtilis. Our current results suggest that MAMP-LTA from

B. subtilis participates, at least in part, in the process of Notch

signaling inhibition in a TLR2-MyD88-dependent manner. How-

ever, future studies are needed to further explore themechanism

of TLR2 regulation by B. subtilis.
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Antibodies

Goat anti-mouse DyLight 488 Abcam Cat#: ab150117; RRID:AB_2688012

Goat anti-rabbit DyLight 594 Abcam Cat#: ab150080; RRID:AB_2650602

Goat anti-rabbit DyLight 488 WellBio technology Cat#: WB0193

Rabbit polyclonal anti-DCLK1 Abcam Cat#: ab37994; RRID:AB_873538

Rabbit polyclonal anti-Hes1 Abcam Cat#: ab71559; RRID:AB_1209570

Mouse monoclonal anti-Lysozyme Abcam Cat#: ab36362; RRID:AB_776115

Rabbit monoclonal anti-Muc2 HUABIO Cat#: ET1704-06

Mouse monoclonal anti-Math1 Abcam Cat#: ab27667; RRID:AB_870587

Rabbit polyclonal anti-NICD1 Abcam Cat#: ab8925; RRID:AB_306863

Anti-E.coli lipopolysaccharide (LPS) Abcam Cat#: ab35654; RRID:AB_732222

Rabbit polyclonal anti-MyD88 Abcam Cat#: ab2064; RRID:AB_302807

APC anti-mouse CD24 antibody [M1/69] BioLegend Cat#: 101840; RRID: AB_2650876

Rabbit polyclonal anti-Ki67 Bioss Cat#: bs-23101R

Rabbit monoclonal anti-Olfm4 Cell Signaling Technology Cat#: 39141; RRID:AB_2650511

Anti-lipoteichoic acid (LTA) Invitrogen Cat#: MA1-40134; AB_1076514

Goat anti-mouse IgG(H+L) HRP MultiSciences Biotech Cat#: 70-GAM0072

Goat anti-rabbit IgG(H+L) HRP ZCIBIO Technology Cat#: ZC-G2106

IgG2a-APC MultiSciences Biotech Cat#: 70-CRG2a05-10

Mouse polyclonal anti-DLL4 R&D systems Cat#: AF1389; RRID:AB_354770

Mouse polyclonal anti-TLR2 R&D systems Cat#: AF1530; RRID:AB_354847

Mouse monoclonal anti-Alpi Santa Cruz Cat#: sc-271431; RRID:AB_10649489

Mouse monoclonal anti-b-tubulin Sangon Biotech Cat#: D410006

Rabbit polyclonal anti-GAPDH Zen-bio Cat#: 380626

Bacterial and virus strains

Bacillus subtilis 168 (Liu et al., 2017) Available from the Liu lab

Bacillus. subtilis WB800 (Liu et al., 2017) Available from the Liu lab

Salmonella. typhimurium SL1344 (Liu et al., 2017) Available from the Liu lab

Lactobacillus acidophilus ATCC ATCC 4356

E. coliO157 ATCC ATCC BAA-1883

Chemicals, peptides, and recombinant proteins

Recombinant mouse DLL4 protein Abcam Cat#: ab208307

TLR2 inhibitor CUCPT22 Absin Cat#: abs814483

Mouse TNF-a ELISA kit BlueGene Cat#: E03T0008

Mouse TNF-a ELISA kit NeoBioscience Cat#: EMC102a.48

Mouse Defa1 ELISA kit Jiangsu Meimian Industrial Cat#: MM-45791M1

Mouse Defa5 ELISA kit Jiangsu Meimian Industrial Cat#: MM-44728M1

Mouse Ang4 ELISA kit Jiangsu Meimian Industrial Cat#: MM-0212M1

Mouse PLA2G2A ELISA kit Jiangsu Meimian Industrial Cat#: MM-45802M1

Mouse TFF3 ELISA kit Jiangsu Meimian Industrial Cat#: MM-45277M1

Mouse IL-1b ELISA kit Shanghai Lian Shuo Biotechnology Cat#: AE90731Mu

LPS assay kit J&L Biological Cat#: JL20691

ECL Substrate Kit HAKATA Cat#: H-E-60

g-secretase inhibitor DAPT MOLNOVA Cat#: M13243

(Continued on next page)
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Recombinant mouse TFF3 protein Novoprotein Cat#: C661

Cell-Light EdU DNA cell proliferation kit Guangzhou RiboBio Cat#: C10310-2

Recombinant JAG-1 protein R&D Systems Cat#: MAB599

Recombinant Ang4 protein R&D Systems Cat#: 964-AN-025

lipoteichoic acid (LTA) from Bacillus subtilis Sigma-Aldrich Cat#: L3265

FITC-UEA-1 Sigma-Aldrich Cat#: L9006

40,6-Diamidino-2-Phenylindole (DAPI) Invitrogen Cat#: D1306

IntestiCultTM Organoid Growth Medium (Mouse) STEMCELL Cat#: 06000

Fetal bovine serum VivaCell Cat#: C04001

Recombinant mouse Noggin protein PeproTech Cat#: 250-38

Recombinant mouse R-spondin1 protein PeproTech Cat#: 315-32

Recombinant Rat EGF protein T&L Biological Technology Cat#: GMP-TL676

Experimental models: Cell lines

Human epithelial colorectal adenocarcinoma Chuanqiu Biotechnology Cat#: H010

Experimental models: Organisms/strains

mouse: C57BL/6J Yangzhou University Animal Research Centre

mouse: Smoc-Tlr2em1Smoc: C57BL/6J Nanjing University Nanjing Biomedical Research Institute

mouse: Lgr5tm1(cre/ERT2)Cle: C57BL/6J (Hou et al., 2020a) Available from the Hou lab

Oligonucleotides

RT-qPCR primers This paper Table S1

Software and algorithms

FlowJo Tree Star https://www.flowjo.com

Prism Graphpad https://www.graphpad.com/scientific-software/prism/

ImageJ National Institutes of Health https://imagej.nih.gov/ij/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yuchen Li

(yuchengli@njau.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This paper does not report original code. All data reported in this paper will be shared by the lead contact upon request. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All mice were bred in-house and maintained on a C57BL/6J background. C57BL/6J mice (specific-pathogen-free [SPF]) were pur-

chased from the Animal Research Centre of Yangzhou University. TLR2�/� C57BL/6J mice (SPF) were purchased from the Nanjing

Biomedical Research Institute of Nanjing University. Lgr5-EGFP-IRES-CreERT2 (Lgr5-GFP) mice (SPF) were purchased from Jack-

son Laboratory. Male mice were aged 4-12 weeks, and were age-matched for independent experiments. The exact number of an-

imals used per experiment is indicated in the figure legends. All animal studies were approved by the Institutional Animal Care and

Use Committee (IACUC) of Nanjing Agricultural University (NJAU.No20211213195).

Bacterial strains and cell culture
Bacillus subtilis, E. coli, and S. typhimurium SL1344 were grown in Luria-Bertani (LB) broth (10 g tryptone, 5 g yeast extract, and 5 g

NaCl per L) or on LB plates (Life-iLab, Shanghai, AN61L516) fortified with 1.5% agar at 37�C. Lactobacillus acidophiluswas grown in
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deMan, Rogosa, and Sharpe (MRS) medium at 37�C. Salmonella typhimurium SL1344 is streptomycin-resistant. High-pressure

steam sterilization was used to kill B. subtilis (121�C/20 psi for 20 min). All the strains will be dispersed and counted by Ultrasonic

Bacteria Dispersion Counter (SCIENTZ-CF) before use. Human epithelial colorectal adenocarcinoma (Caco-2) cells (Shanghai

Chuanqiu Biotechnology) were grown in complete medium (Dulbecco’s modified Eagle medium (DMEM), 10% fetal bovine serum

(FBS) (VivaCell, Shanghai), 2 mM L-glutamine, and 1% non-essential amino acids). Cells were digested in Trypsin (Hangzhou Putai

Biotechnology Co., LTD) and seeded in 24-well plates at a density of 1.53105 cells/well and incubated for 2 d, reaching full conflu-

ence at 37�C with 5% CO2.

METHOD DETAILS

Mouse intestinal organoid isolation, culture, and passage
As previously described(Sato et al., 2009), ileal and colonic organoids were obtained from respective tissues of four-week-old

C57BL/6 mice in an independent experiment. The experiment was repeated three times, and each time the organoids were isolated

and pooled from three different mice. Briefly, the ileum and colon were removed immediately after euthanizing the mice with CO2.

Organs were opened longitudinally, washed with sterile PBS, and cut into pieces. Small intestinal pieces were incubated in small in-

testinal crypt isolation buffer (2 mM ethylenediaminetetraacetic acid [EDTA] in Dulbecco’s phosphate buffered saline [DPBS]) for

30 min at 4�C on a rocking platform. Colon pieces were incubated in colonic crypt isolation buffer (5.6 mM Na2HPO4, 8 mM

KH2PO4, 9.8 mM NaCl, 1.6 mM KCl, 44 mM Sucrose, 24.8 mM D-sorbitol, 5 mM EDTA, and 0.5 mM DL-dithiothreitol in distilled wa-

ter). The mixture was passed through a 70-mm cell strainer (Jet Biofil), and small intestinal and colonic crypt fractions were isolated

and purified by centrifugation. Matrigel (Corning) was added to a pellet of crypt fractions, and 50 mL drops of crypt-containing Ma-

trigel were added to the wells of a 24-well plate. For small intestinal organoid culture, advanced DMEM/F12 (Gibco) supplemented

with 100 U/mL penicillin, 0.1 mg/mL streptomycin (Solarbio), 10 mM HEPES (Gibco), N-2 (Gibco), B-27 (Gibco), 50 ng/mL mouse

epidermal growth factor (EGF) (Beijing T&L Biological Technology Co.,Ltd.), 100 ng/mL mouse Noggin (Peprotech), and

500 ng/mL mouse R-spondin1 (Peprotech) was added. For colonic organoid culture, IntestiCultTM Organoid Growth Medium

(STEMCELL) supplemented with 100 U/mL penicillin and 0.1 mg/mL streptomycin (Solarbio) was added. The culture medium and

growth factors were replaced every 3–4 d.

For organoid passage, the tissue culture plate was placed on ice to thaw the Matrigel, and the medium was aspirated. A 1 mL vol-

ume of cold PBSwas added to eachwell. Themixturewas pipetted up and down to disburse, centrifuged for 4min at 300 x g and 4�C,
and decanted to remove PBS. The remaining pellet was resuspended in 50 mL of Matrigel/well and allowed to polymerize. Each well

was then overlaid with 650 mL of the culture medium.

Establishment of bacteria and intestinal organoid co-cultures
Co-culture systems containing different bacteria and intestinal organoids were constructed according to the pattern diagram in Fig-

ure S1A. Briefly, organoids were harvested in cold PBS and washed once to remove Matrigel. To obtain organoid buds, organoids

were vigorously pipetted through a 1 mL syringe to induce mechanical disruption. After shearing, the buds were washed once in

advanced DMEM/F12 (Gibco) and then incubated with live B. subtilis 168/HK B. subtilis 168/B. subtilis WB800/Lactobacillus aci-

dophilus ATCC4356/E. coli in 1 mL culture medium (100 buds per 1 3 104 CFU of bacteria). After 2 h of co-incubation in a 37�C
shaker, buds were washed once with culture medium to remove unbound bacteria. Organoid buds were then re-embedded into

50 mL Matrigel in 24-well tissue culture plates (400 buds/well; Jet Biofil) and incubated in 500 mL culture medium at 37�C with 5%

CO2 for 3-7 d. 1% Penicillin-streptomycin was used to inhibit bacterial growth in the medium. In some experiments, the organoids

were treated with the g-secretase inhibitor DAPT (Molnova, M13243), the Notch ligand DLL4 (5 mg/mL, ab208307), lipoteichoic acid

(LTA) from Bacillus subtilis (30 mg/mL, Sigma, L3265), and/or TLR2 inhibitor CUCPT22 (10 mM, Absin, abs814483). Samples were

harvested at the indicated time points. To address the differential capacities of the strains to attach to organoids, organoid lysates

were plated on LB agar plates and cultured at 37�C for 16 h. Then, the number of bacterial colonies on the plates was counted. The

organoids were incubated overnight with primary antibodies (anti-lipoteichoic acid (LTA), 1:50, InvitrogenTM, MA1-40134; anti-E. coli

lipopolysaccharide (LPS), 1:50, Abcam, ab35654). The samples were incubated with DyLight 488 (1:200, Abcam, ab150117)-conju-

gated secondary antibodies for 1 h, followed by 40,6-Diamidino-2-Phenylindole (DAPI) (1:5,000, InvitrogenTM, D1306) for 5 min at

25�C. The median fluorescence intensity (MFI) of LTA was analyzed using ImageJ software.

Mouse model of S. typhimurum infection
Male C57BL/6J (WT, eight weeks old) mice were orally administered B. subtilis 168 (13 108 CFU) or PBS as a control once a day for

21 days. In the Salmonella test, each mice was orally administered S. typhimurium strain 1344 (13 108 CFU) once on day 14. All mice

were weighed daily and euthanized with CO2 on day 21. The intestinal tissues were removed immediately and the length of the in-

testine was measured. Ascending sections from the ileum of each mouse were analyzed using a hematoxylin and eosin (HE) staining

kit (Beijing Leagene Biotechnology Co., Ltd., Beijing, China) and a PAS staining kit (Beijing Leagene Biotechnology).
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Salmonella colonization of intestinal organoids
Salmonella colonization of intestinal organoids was largely performed according to a published procedure (Zhang et al., 2014).

Briefly, intestinal organoids were harvested in cold PBS and washed once to remove Matrigel. To obtain organoid buds, organoids

were vigorously pipetted through a 1 mL syringe. After shearing, buds were washed once in advanced DMEM/F12 (Gibco) and then

incubated with S. typhimurium SL1344 in 1 mL culture medium (100 buds per 13 104 CFU bacteria). After 30 min co-incubation in a

37�C shaker, cultures were rinsed twice with culture medium to remove unbound bacteria. The buds were re-embedded into 50 mL

Matrigel in 24-well tissue culture plates (400 buds per well; NEST Biotechnology) at 37�C with 5% CO2. After 2 h, 500 mL culture me-

dium containing gentamicin (500 mg/mL) was added to eachwell to kill extracellular S. typhimurium. Samples were collected for west-

ern blotting, ELISA, and real-time PCR after the intestinal organoids were colonized with Salmonella for 12 h. Disrupted organoids

were defined by the absence of a defined edge; the presence of disordered, diffuse cells; a lack of obvious structural elements;

and a dark central region (Grabinger et al., 2014).

Salmonella was stained with BacLightTM Bacterial Green Stain (B-35000, Molecular Probes) according to manufacturer instruc-

tions. Briefly, 107 CFU of Salmonella and 100 mMworking solution of the BacLight bacterial stain were dissolved in DMSO and incu-

bated for 15min at 25�C. TheSalmonella sampleswerewashedwith PBS to remove excess dye. To visualizeSalmonella invasion into

the organoids, we used a fluorescence-labeled strain of Salmonella to colonize the cultures for 90 min. The samples were examined

using a Zeiss 710 laser scanning confocal microscope.

Plate counts
Intestinal organoidswere treatedwithB. subtilis,DLL4, andS. typhimurium according to the detailedmethods described in Figure 5B.

Briefly, intestinal organoids were first treated with or without B. subtilis and DLL4 for three days. They were incubated with 1% peni-

cillin-streptomycin at the indicated times to inhibit the growth of B. subtilis. After 3 d, extracellular B. subtilis was washed away with

HBSS containing 3% penicillin-streptomycin. The intestinal organoids were then infected with the indicated Salmonella strains for

30 min, washed with HBSS, and incubated in mini-gut media containing gentamicin (500 mg/mL) for the indicated times. After 12

h, the intestinal organoids were dissociated using TrypLE. After the mixtures were vigorously pipetted through a p200 pipette to

induce mechanical disruption, single cells were washed twice with PBS. Then, 2 mL of sterile water was mixed with 13106 cells

per tube for lysis. The homogenates were centrifuged at 600 3 g for 10 min, and the supernatants were plated on LB agar plates

containing 500 mg/mL streptomycin and cultured at 37�C for 16 h. The number of resulting bacterial colonies on each plate was

counted. B. subtilis detection by plate counting in the intestine was largely performed according to previous study (Vogt et al.,

2018). First, most microorganisms in ileal contents were killed by Pasteurization (80�C for 20 minutes). Then B. subtilis spores in re-

maining contents were resuscitated in LB medium in a 37�C shaker for 2 hours. Then the CFU number of B. subtilis was detected by

plate counting.

Amp bacteriostatic experiment in vitro

Twomethods were used to verify bacteriostatic Amps experiments in vitro: 1) Caco-2 cells were incubated with Ang4, lysozyme, and

Defa5 for 12 h. Cells were washed once with PBS and then cultured in complete medium (0.5 mL containing 5 3 105 CFU

S. typhimurium SL1344 per well). After 1 h of co-incubation, cells were washed three times with PBS to remove unbound bacteria

and cultured with complete medium for 12 h. 2) Caco-2 cells were cultured with 0.5 mL complete medium containing 5 3 105

CFU S. typhimurium SL1344 per well. After 1 h of co-incubation, the cells were washed three times with PBS to remove unbound

bacteria and cultured in complete medium containing Ang4, lysozyme, and Defa5 for 12 h. After treatment with the above two

methods, single cells were harvested using TrypLE and washed twice with PBS containing 5% FBS. Then, 1 mL of sterile water

was mixed with 13105 cells per tube for lysis. The homogenates were centrifuged at 600 3 g for 10 min, and the supernatants

were plated on LB agar plates containing 500 mg/mL streptomycin and cultured at 37�C for 16 h. Then, the number of bacterial col-

onies on the plates was counted.

Immunofluorescence assay
The intestinal organoids used in the different groupswere rinsed three times in ice-cold HBSS and then suspended in cold HBSS. The

intestinal organoids were spun down at 300 x g for 10min at 4�C, then fixed overnight in 4% paraformaldehyde. Sections of the ileum

(2 cm each) were collected frommice in different groups, fixed overnight in 4% paraformaldehyde, embedded in optimal cutting tem-

perature compound, cut into 8 mm thick slices, and rinsed in HBSS. The intestinal organoids and tissue sections were permeabilized

with 0.5% Triton X-100 for 20 min, washed three times with HBSS, and incubated for 1 h in 5% bovine serum albumin in HBSS to

reduce nonspecific background signals. For IF staining, intestinal organoids and tissue sections were incubated overnight with

primary antibodies (anti-Hes1, 1:50, Abcam, ab71559; anti-Math1, 1:50, Abcam, ab27667; anti-NICD1, 1:50, Abcam, ab8925;

anti-Lysozyme, 1:50, Abcam, ab36362; anti-DCLK1, 1:50, ab37994; anti-Olfm4, 1:50, CST, 39141; anti-Muc2, 1:50, HUABIO,

ET1704-06; anti-Alpi, 1:50, Santa Cruz, sc-271431; anti-Ki67, 1:50; Bioss, bs-23101R). The samples were then incubated with

goat anti-mouse DyLight 488 (1:200, Abcam, ab150117), goat anti-rabbit DyLight 488 (1:200, WellBio technology, WB0193), and

goat anti-rabbit DyLight 594 (1:200, Abcam, ab150080)-conjugated secondary antibodies for 1 h, followed by DAPI (1:5,000,

InvitrogenTM, D1306) for 5 min at 25�C. Secretory cells in the intestinal organoids and ilea were fixed with 4% paraformaldehyde

and then stained with UEA-1 (1:200, Sigma, L9006) for 1 h at 25�C. The samples were examined using a Zeiss 710 laser scanning
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confocal microscope. Fluorescence images were collected for further qualitative and quantitative analyses. Goblet cells in the ileal

segments of mice treated or not treated with B. subtilis were stained with PAS. The numbers of UEA-1+, lysozyme+ and of Muc2+,

DCLK1+, and PAS+ cells per villus and crypt were counted manually. The MFI of Hes1, NICD1, and Lgr5 was analyzed using ImageJ

software.

Flow cytometry
ISCs and Paneth cells were isolated from Lgr5-GFP mice using a modified crypt isolation protocol with 20 min of 2.5 mM EDTA fol-

lowed by several strainer steps and 5min incubation with TrypLE and 0.8 kU/mL of DNase1 underminute-to-minute vortexing to form

a single-cell suspension. This suspension was incubated for 30 min on ice in 1 mL of culture medium containing an antibody cocktail

of CD24-APC (BioLegend, M1/69, 1:500) or IgG2a-APC isotype control (MultiSciences, 70-CRG2a05-10). The samples were filtered

through 40 mm mesh (NEST Biotechnology) before cell sorting. ISCs were isolated as Lgr5hi, and Paneth cells were isolated as

CD24+SSChi with a BD FACS Aria II SORP cell sorter into the supplemented crypt culture medium. Isolated ISCs were centrifuged

at 250 x g for 5 min, resuspended in an appropriate volume of crypt culture medium, and seeded onto 50 mL Matrigel (Corning) con-

taining 1 mM JAG-1 protein (R&D Systems) in 24-well plates. For Lgr5+ ISC culture, IntestiCultTM Organoid Growth Medium

(STEMCELL) supplemented with 100 U/mL penicillin and 0.1 mg/mL streptomycin (Solarbio) was added. The culture medium was

replaced every 3–4 d. According to published procedure(Sato et al., 2011), we used flow cytometry to analyze the populations of

Lgr5-GFPhi (Lgr5+ ISC) and Lgr5-GFPlow (progenitor) cells from the organoids derived from Lgr5+ ISCs. The organoids were incu-

bated in TrypLE Express (Gibco) under minute-to-minute vortexing to form a single-cell suspension. GFP+ analysis gates were es-

tablished such that Lgr5-GFPhi events were detectable in intestinal organoids from Lgr5-GFP mice.

Quantitative RT-PCR
Total RNA from intestinal tissues, contents, and organoids was extracted using an automated nucleic acid extractor (Scientz-NP-

2032). Gyrase subunit B (gyrB) was used to detect Bacillus subtilis in the intestine (Yamamoto and Harayama, 1995). Two microliters

of template RNA was reacted with SYBR PCRMaster Mix for a final volume of 20 mL (Genstar). Reagents were added to 96-well PCR

plates (LABLEAD Inc). The thermal cycling conditions were: 5 min at 95�C, followed by 40 cycles of 15 s at 95�C and 34 s at 60�C,
using an Applied Biosystems 7500 real-time PCR system. See Table S1 for primer information.

Western blot
The intestinal organoids from different groups were rinsed three times in ice-cold HBSS, suspended in ice-cold HBSS, and then spun

down at 300 x g for 10min at 4�C. Next, a pipette was used to aspirate the PBS at the top, and the organoids were lysed in RIPA buffer

containing a protease inhibitor cocktail (Thermo Fisher Scientific). Protein concentrations were determined using a BCA Protein

Quantification Kit (Thermo Fisher). Equal amounts of protein were separated by SDS-PAGE and electrophoretically transferred

onto polyvinylidene fluoride membranes (Millipore, China). After the membranes were blocked in 5% nonfat milk in TBS containing

0.1%Tween-20, they were probedwith anti-Hes1 (Abcam, 1:1000; ab71559), anti-Math1 (Abcam, 1:1000; ab27667), anti-DLL4 (R&D

systems, 1:1,000, AF1389), anti-TLR2 (R&D systems, 1:1,000, AF1530), and anti-MyD88 (Abcam, 1:1000; ab2064) antibodies. Anti-

b-tubulin (SangonBiotech, 1:1000; D410006) and anti-GAPDH (Zen-bio, 1:1000; 380626) antibodies were used for normalization. The

membranes were washed and then incubated with goat anti-rabbit secondary antibody (Shanghai zcibio technology Co.,Ltd.,

1:5,000; ZC-G2106) and goat anti-mouse secondary antibody (MultiSciences, 1:5,000; 70-GAM0072). Signals were detected using

a ECL Substrate Kit (HAKATA; H-E-60/125/250) and analyzed using an Image Reader LAS-4000 imaging system (Fujifilm, Tokyo,

Japan).

Cytokine detection
Organoid culture media were obtained, and IL-1b (Shanghai Lian Shuo Biotechnology Co., Ltd., AE90731Mu) and TNF-a (BlueGene,

E03T0008; NeoBioscience, EMC102a.48) levels weremeasured using ELISA kits according tomanufacturer instructions. Ileal tissues

(1 cm) and organoids were harvested and homogenized in PBS (0.5 mL) with 1 mMPMSF. Samples were then centrifuged for 10 min

at 12000 x g, and total protein in the supernatant was quantified using a PierceTM BCA Protein Assay Kit (Solarbio, PC0020). Super-

natant (0.5 mg protein in 0.1 mL) was assayed for cytokines using mouse Defa1 (MM-45791M1), Defa5 (MM-44728M1), Ang4

(MM-0212M1), PLA2G2A (MM-45802M1), and TFF3 (MM-45277M1) ELISA kits (all purchased from Jiangsu Meimian Industrial

Co., Ltd.) according tomanufacturer instructions. The LPS concentration in the serumwasmeasured using an LPS assay kit (Jianglai,

China, JL20691) according to manufacturer instructions.

EdU staining
Cell proliferation in intestinal organoids that were or were not treated with B. subtilis was assessed using a Cell-Light EdU DNA cell

proliferation kit (RiboBio; C103102) according tomanufacturer instructions. Briefly, intestinal organoids were exposed to 25mMEdU

(RiboBio) for 2 h at 37�C and then fixed in 4% paraformaldehyde. After permeabilization with 0.5% Triton X-100, the cells were incu-

bated with a 13Apollo reaction cocktail (RiboBio) for 30 min. Subsequently, the cells were stained with Hoechst 33342 for 30 min to

analyze DNA content, then visualized under a Zeiss 710 laser-scanning confocal microscope or a Nuohai LS18 light sheet micro-

scopy (Nuohai Life Science (Shanghai) Co.,Ltd). The MFI of EdU was analyzed using ImageJ software.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All details on number of subjects and samples can be found in the results section/figure legends. The results were expressed asmean

± SD from at least three independent experiments, unless otherwise stated. One-way analysis of variance was employed to identify

significant differences among multiple groups, and the t-test was employed to identify significant differences between two groups;

*p < 0.05, **p < 0.01, ***p < 0.001.
Cell Reports 40, 111416, September 27, 2022 e6



Cell Reports, Volume 40
Supplemental information
Bacillus subtilis programs the differentiation

of intestinal secretory lineages

to inhibit Salmonella infection

Qihang Hou, Junpeng Jia, Jian Lin, Linda Zhu, Shuang Xie, Qinghua Yu, and Yuchen Li



Supplementary information 

Figure S1. Building a co-cultured system with bacteria and intestinal organoids, 

related to Figure 1 (a) Pattern diagram of constructing the co-culture model of vDAPI 

(blue) in small intestinal organoids. Scale bar, 100 μm. (b) Immunostaining of EdU 

(Red), LTA/LPS (green), and DAPI (blue) in small intestinal organoids. Scale bar, 100 

μm. (c) CFU count of different bacteria in the organoids per well; n = 6. (d) 

Immunostaining of EdU (Red), LTA (green), and DAPI (blue) in the organoids. Scale 

bar, 100 μm. Graph showing MFI of LTA; n = 6 organoids per group. (e) CFU count 

of B. subtilis 168 in the organoids per well; n = 6. Data represent the mean ± SD of 

two or three independent experiments; comparisons performed with analysis of 

variance (ANOVA) (multiple groups). *P < 0.05, **P < 0.01, ***P < 0.001.  



 

 

Figure S2. Effect of different bacterial treatments on Lgr5+ ISC pool, related to 

Figure 1 (a) Flow cytometry analysis of Lgr5-GFPlow and Lgr5-GFPhi ISC frequencies 

in small intestinal organoids from different groups; n = 3. (b) qPCR analysis of Lgr5+ 

ISC marker genes (Lgr5 and Olfm4) in small intestinal organoids; n = 6. Data represent 

the mean ± SD of two or three independent experiments; comparisons performed with 

analysis of variance (ANOVA) (multiple groups). *P < 0.05, **P < 0.01, ***P < 0.001.  



 

 

Figure S3. Bacillus subtilis modulates the differentiation of secretory lineage cells 

and provides protection against the pathogen Salmonella typhimurum in colonic 

organoids, related to Figure 1 and 6 (a) Immunostaining of UEA-1 (green) and DAPI 

(blue) in colonic organoids. Scale bar, 100 μm. Graph showing UEA-1+ cells per 

organoid bud; n = 12 organoids per group. (b) qPCR for markers of intestinal epithelial 

cell types in colonic organoids: Lgr5+ ISCs (Lgr5), +4 ISCs (mTert), absorptive 

enterocytes (Alpi), and goblet cells (Muc2); n = 6. (c) Relative number of disrupted 

colonic organoids (red arrow) at 12 h post-infection: n = 6. (d) Number of invasive 

Salmonella cells in colonic organoids obtained from different groups at 12 h post-

infection; n = 6. Data represent the mean ± SD of two or three independent experiments; 

comparisons performed with t-tests (two groups) or analysis of variance (ANOVA) 

(multiple groups). *P < 0.05, **P < 0.01, ***P < 0.001. 

 

 

 

 



 

 

Figure S4. CFU count of B. subtilis in ileal contents, related to Figure 3 (a) CFU 

count of B. subtilis in ileal contents was determined by plate counting; n = 6. Data 

represent the mean ± SD of two or three independent experiments; comparisons 

performed with t-tests (two groups). *P < 0.05, **P < 0.01, ***P < 0.001.  

 

 

 

 

 

 

 

 

 

 

 



 

Figure S5. Intestinal morphology and number of secretory cells, related to Figure 

4 a) Representative pictures of the HE staining in the ileum. Scale bar, 100 μm. Graph 

showing villus height, crypt depth, and villus/crypt radio; n = 6 mice per group. (b) 

Immunostaining of UEA-1 (green) and DAPI (blue) in the ileum of WT or TLR2-/- 

mice. Scale bar, 100 μm. Graph showing UEA-1+ cell per villus and crypt; n = 6. Data 

represent the mean ± SD of two or three independent experiments; comparisons 

performed with t-tests (two groups). *P < 0.05, **P < 0.01, ***P < 0.001.  

 

 

 

 

 



 

Figure S6. AMPs limit the invasion of S. typhimurium into Caco-2 cells, related to 

Figure 5 and 6 (a) Number of invasive Salmonella cells in AMP pre-treated Caco2 

cells at 12 h post-infection; n = 3. (b) Number of invasive Salmonella in Caco2 cells 

co-incubated with APMs at 12 h post-infection; n = 3. Data represent the mean ± SD 

of two or three independent experiments; comparisons performed with analysis of 

variance (ANOVA) (multiple groups). *P < 0.05, **P < 0.01, ***P < 0.001.  

 

 

 

 

 

 



 

 

Figure S7. Expression of Notch ligands in Paneth cells, related to Figure 2 and 7 

(a) Experimental flow chart. (b) qPCR analysis of the Notch ligand genes Dll1, Dll4, 

and Jag-1 in Paneth cells isolated from intestinal organoids; n = 4. (c) qPCR analysis 

of Dll1, Dll4, and Jag-1 in Paneth cells isolated from ileal crypts; n = 4. Data represent 

the mean ± SD of three independent experiments; comparisons performed with t-tests 

(two groups). *P < 0.05, **P < 0.01, ***P < 0.001.  
  



Table S1 Primer sequences used for qRT-PCR. Related to STAR Methods 

 

 

 

 

 

 

 

 

 

Mouse Forward  
 

Reverse 
 

Product size 
(bp) 

Lyz1  GAGACCGAAGCACCGACTATG CGGTTTTGACATTGTGTTCGC 214 
Muc2 CAATGACAAGGTGTCCTGCC GTGCTCTCCAAACTCTCTGG 889 
ChgA ATCCTCTCTATCCTGCGACAC GGGCTCTGGTTCTCAAACACT 158 
Alpi GGGACCTCCATCTTTGGTCTG ACACTCTGAGCTTCGGTGAC 134 
Sox9 CGGAACAGACTCACATCTCTCC GCTTGCACGTCGGTTTTGG 163 
Klf4 GTGCCCCGACTAACCGTTG GTCGTTGAACTCCTCGGTCT 185 
Defa1 GCTGCCTGCTCATCCTAATC CAGCATCAGTGGCCTCAGTA 376 
Ang4 GGTTGTGATTCCTCCAACTCTG CTGAAGTTTTCTCCATAAGGGT 228 
Defα5 TTGGGCTCCTGCTCAACAAT GACACAGCCTGGTCCTCTTC 168 
PLA2G2A CTATGCCTTCTATGGATGCCAC CAGCCGTTTCTGACAGGAGT 205 
Dll1 CAGGACCTTCTTTCGCGTATG AAGGGGAATCGGATGGGGTT 168 
Dll4 TTCCAGGCAACCTTCTCCGA ACTGCCGCTATTCTTGTCCC 102 
Hes1 CCAGCCAGTGTCAACACGA AATGCCGGGAGCTATCTTTCT 166 
TLR2 CAGCTTAAAGGGCGGGTCAGAG TGGAGACGCCAGCTCTGGCTCA 380 
MyD88 CCTGCGGTTCATCACTAT GGCTCCGCATCAGTCT 144 
GADPH ATGGTGAAGGTCGGTGTGAA   TGGAAGATGGTGATGGGCTT 227 
Math1 CCCGTCAAAGTACGGGAACA TGGAAGATGGTGATGGGCTT 166 
TFF3 TTGCTGGGTCCTCTGGGATAG ATCTGGGCCATCTGTAGGGT 257 
Jag1 GCCTCAAAGAAGCGATCAGAA GCACGACTGGAAAACAACACT 108 
Notch1 GATCGACAACCGGCAATGTG GGGCTTGAGGAATATTGAGGCT 116 
Notch2 GGACCATCTTTCGGAGGCA GCGAGAATGTCTGGGCGATA 237 
Lgr5 CGTCCCACTTCCTTCCTGTC TATGCTGGCGTGGGTAAAGG 205 
Olfm4 CTGCTATACACAGGTTTCAGGAGC GTGCATGACAGAAAGGACGCT 116 
mTert TCTACCGCACTTTGGTTGCC CAGCACGTTTCTCTCGTTGC 155 
gyrB CGGTCGTAAACGCACTATC AGGGTCCGGGACAAAATGTGTCG 158 
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