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SUMMARY
Streptococcus anginosus (S. anginosus) was enriched in the gastric mucosa of patients with gastric cancer
(GC). Here, we show that S. anginosus colonized the mouse stomach and induced acute gastritis.
S. anginosus infection spontaneously induced progressive chronic gastritis, parietal cell atrophy, mucinous
metaplasia, and dysplasia in conventional mice, and the findings were confirmed in germ-free mice. In addi-
tion, S. anginosus accelerated GC progression in carcinogen-induced gastric tumorigenesis and YTN16 GC
cell allografts. Consistently, S. anginosus disrupted gastric barrier function, promoted cell proliferation, and
inhibited apoptosis. Mechanistically, we identified an S. anginosus surface protein, TMPC, that interacts with
Annexin A2 (ANXA2) receptor on gastric epithelial cells. Interaction of TMPC with ANXA2 mediated attach-
ment and colonization of S. anginosus and induced mitogen-activated protein kinase (MAPK) activation.
ANXA2 knockout abrogated the induction of MAPK by S. anginosus. Thus, this study reveals S. anginosus
as a pathogen that promotes gastric tumorigenesis via direct interactions with gastric epithelial cells in the
TMPC-ANXA2-MAPK axis.
INTRODUCTION

Gastric cancer (GC) is the fifth most common cancer and a

leading cause of cancer mortality worldwide.1 Helicobacter py-

lori (H. pylori), a major risk factor for GC, has been classified as

a type I carcinogen. H. pylori infection promotes gastritis, atro-

phy, and intestinal metaplasia (IM).2 Among H. pylori-infected

individuals, only 1%–3% eventually develop GC, inferring the

involvement of other contributing factors. Emerging evidence

indicates the presence of a substantial number of non-

H. pylori microbiome residing in the gastric mucosa,3 and their

deregulation might play a role in gastric carcinogenesis.4

Nevertheless, the identification and characterization of non-

H. pylori driver bacteria associated with gastric carcinogenesis

remain unexplored.

To explore the non-H. pylori gastric microbiome, we char-

acterized the gastric microbiome of H. pylori-negative patients

through the different stages of gastric tumorigenesis from

superficial gastritis, atrophic gastritis, and IM to GC, leading

to the discovery of five oral pathogens that were enriched in

GC, including Streptococcus anginosus (S. anginosus).5
882 Cell 187, 882–896, February 15, 2024 ª 2024 The Authors. Publi
This is an open access article under the CC BY license (http://creative
S. anginosus is a gram-positive, non-spore-forming,

nonmotile bacterium6 that primarily resides in the oral

cavity, nasopharynx, gastrointestinal tract, and vaginal

tract, and it can cause invasive pyogenic infections like ab-

scesses.7 S. anginosus is markedly resilient to low pH condi-

tions (pH 3–5), which might facilitate its survival in the gastric

mucosa.8 However, the role of S. anginosus in gastric carcino-

genesis and its pathogenic molecular mechanisms are largely

unclear.

In this study, S. anginosus was identified as a non-H. pylori

pathogen that rapidly induces acute gastritis and consequently

chronic gastritis, gastric mucinous metaplasia, and dysplasia

in conventional mice and germ-free mice following long-term

infection. S. anginosus accelerates gastric carcinogenesis.

Mechanistically, we revealed that the S. anginosus surface pro-

tein TMPC directly interacts with gastric epithelial cell receptor

Annexin A2 (ANXA2) for its colonization in gastricmucosa, which,

in turn, mediates the activation of mitogen-activated protein ki-

nases (MAPK) signaling pathway. Hence, our study defined a

non-H. pylori pathogen, S. anginosus, that directly contributes

to gastric tumorigenesis.
shed by Elsevier Inc.
commons.org/licenses/by/4.0/).
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RESULTS

S. anginosus induces acute gastritis in mice following
2 weeks of infection
We initially analyzed S. anginosus abundance in our in-house 16s

rRNA gene sequencing dataset across different stages of gastric

tumorigenesis. Compared with S. anginosus levels in superficial

gastritis, S. anginosus is elevated in atrophic gastritis and IM and

reached the highest abundance in patients with GC (Figures 1A

and S1A). In this cohort, S. anginosus-positive subjects have an

increased prevalence of atrophy gastritis (AG)/IM and GC

(Table S1). A follow-up study comparing the gastric microbiome

1 year after H. pylori eradication also identified that S. anginosus

was associatedwith persistent gastric inflammation (FigureS1B).9

IncreasedabundanceofS.anginosus inGCcomparedwith super-

ficial gastritis (p = 0.024) was also observed in an independent Eu-

ropean cohort (Figure S1C).10 Moreover, S. anginosus was en-

riched in GC tumors compared with paired adjacent normal

tissues (p = 0.003) (Figure S1C).11 These studies suggest the po-

tential role ofS. anginosus inGCprogression. To explore the path-

ogenic role of S. anginosus in mouse stomach, we gavaged

S. anginosus in conventional mice once every 3 days for 2 weeks

(Figure 1B). This gavage interval ensured continuous colonization

ofS.anginosus in thegastricmucosa (FigureS1D).Brainheart infu-

sion (BHI) brothwasgivenasanegativecontrol,whileH.pylori SS1

was gavaged tomice as a positive control. At 2 weeks post-infec-

tion,weobserved thecolonizationofS.anginosus in thebasal area

of gastric mucosa by fluorescence in situ hybridization (FISH) (Fig-

ure 1C). S. anginosus colonization in the stomach was confirmed

by PCR detection of bacterial DNA (Figure S1E) and culture of

live bacteria from fresh gastric tissues (Figure S1F). We observed

acute inflammation in S. anginosus-infected mice, evidenced by

neutrophil infiltration in the submucosa given by a pathologist un-

der H&E staining (Figure 1D), and 26% (6 of 23) ofS. anginosus-in-

fected mice showed mild to moderate inflammation (Figure 1E)

according to an established histological scoring scheme.12 As a

positive control, H. pylori caused mild to moderate inflammation

in 44.5% (8 of 18) of mice (Figure 1E). In keeping with

S. anginosus-induced acute inflammation, the expression of pro-

inflammatory chemokines was upregulated in S. anginosus-gav-

aged mice as determined by the mouse inflammatory response

and autoimmune PCR array on gastric tissues (Figure 1F). The in-

ductionofpro-inflammatorychemokines includingCcl20 (p=0.03)

andCcl8 (p = 0.005) was validated by qPCR, and both were upre-

gulated in S. anginosus-infected mice compared with BHI control

mice (Figure 1G; Table S2). These results indicated that

S. anginosus infection in mice induced acute inflammation in the

stomach concomitant with significant elevation of pro-inflamma-

tory chemokines.

S. anginosus induces chronic gastritis in mice following
3 months of infection
To determine the long-term effect of S. anginosus infection in

stomach, we extended our infection model to 3, 6, 9, and

12 months (Figure 2A). S. anginosus infection had no effect on

body weight (Figure S2A), food intake (Figure S2B), or liver-to-

body weight ratio (Figure S2C). Markers of liver function (alanine

transaminase [ALT] and aspartate aminotransferase [AST]) (Fig-
ure S2D) and renal function (creatinine < 0.4 mg/dL) were normal

in S. anginosus-infected mice. S. anginosus did not cause

inflammation in the colon (Figures S2E–S2G). On the other

hand, persistent S. anginosus infection in the basal area of

gastric mucosa with expansion to the mucosal layer was evi-

denced by FISH in both the antrum and corpus (Figures 2B,

S2H, and S2I), and the presence of live S. anginosus was

confirmed by bacterial culture from fresh stomach tissues

(Figures S2J and S2K; Table S3). Along with S. anginosus infec-

tion, we observed chronic inflammation as evidenced by the

continuous infiltration of neutrophils and lymphocyte foci forma-

tion beneath the gastric mucosa starting from 3 months post-

infection, which persisted to 6, 9, and 12 months (Figure 2C).

Gastric inflammation score was significantly increased in

S. anginosus-infected mice at 9 months post-infection

compared with that in BHI control mice (p = 0.006), which was

intensified at 12 months post-infection (p < 0.0001) (Figure 2D).

In particular, S. anginosus infection elicited equivalent levels of

inflammation toH. pylori infection, especially at later time points.

Moreover, co-infection of H. pylori and S. anginosus increased

gastric inflammation compared with S. anginosus or H. pylori

infection alone at 3 months post-infection (Figures S3A–S3C).

In agreement with this, analysis of our in-house dataset (Fig-

ure 1A) revealed that subjects co-infected with S. anginosus

and H. pylori had higher relative risks of atrophic gastritis and

subsequent disease progression to IM and GC compared with

H. pylori infection alone (Table S4). Together, these results sug-

gested that long-term S. anginosus infection caused intensive

chronic gastritis that is comparable with H. pylori infection, and

these two pathogens might act collaboratively to promote

gastric inflammation.

S. anginosus provokes spontaneous gastric atrophy,
metaplasia, and dysplasia in mice following 9 months of
infection
Gastric tumorigenesis proceeds along the precancerous lesion of

atrophy-metaplasia-dysplasia sequence, with gastritis being a

major risk factor.13 Given that S. anginosus caused chronic

gastritis, we asked if long-term infection could trigger precancer-

ous lesions in the gastricmucosa. At 9months,S. anginosus infec-

tion causedmild parietal cell atrophy,which progressed tomoder-

ate tosevereatrophyat12months (p=0.01) (Figure3A).Moreover,

mucinousmetaplasia was detected inS. anginosus-infectedmice

at 12monthspost-infection (Figure 3B). Importantly,S. anginosus-

infected mice formed low-grade dysplasia at 12 months post-

infection (Figures 3C and 3D). FISH analysis of mouse gastric

tissues demonstrated that S. anginosus was enriched in meta-

plasia/dysplasia regions compared with non-metaplasia regions

(Figure S3D). H. pylori, as positive control, more rapidly induced

gastric atrophy; however, the number of mucinous metaplasia

was lower than that induced by S. anginosus at 12 months, and

no dysplasia was identified (Figure 3A, 3B, and 3E). Consistent

with the induction of gastric atrophy,S. anginosus elevatedgastric

pH after 9 and 12months (p < 0.05) of infection comparedwith the

BHI control group (Figures S3E and S3F).

To confirm themucinousmetaplasia, we performed histological

staining with Alcian blue, a dye frequently used to indicate goblet

cells in stomach for the diagnosis of IM.14 As shown in Figure 3E,
Cell 187, 882–896, February 15, 2024 883
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Figure 1. Streptococcus anginosus colonizes gastric mucosa and promotes acute inflammation

(A) Abundance of Streptococcus anginosus (S. anginosus) in gastric biopsies from superficial gastritis (SG, N = 110), atrophy gastritis (AG, N = 117), intestinal

metaplasia (IM, N = 45), and gastric cancer (GC, N = 39) patients. *p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001.

(B) C57BL/6malemice were orally gavaged with Streptococcus anginosus (S. anginosus, n = 23),Helicobacter pylori SS1 (H. pylori, n = 18), or brain heart infusion

broth (BHI, n = 13) for 2 weeks.

(C) Representative fluorescence in situ hybridization (FISH) images of gastric tissue sections from mice gavaged with S. anginosus or BHI at 2 weeks post-

infection (blue: nuclear, green: S. anginosus probe); scale bars, 20 mm.

(D) Representative H&E images of the stomach from mice infected with S. anginosus, H. pylori SS1, or BHI broth at 2 weeks post-infection; scale bars, 100 mm.

(E) Gastric inflammation scores of the different groups. Score 0, no inflammation; score 1, mild; score 2, moderate; score 3, severe; score 4, critical.

(F) Mouse inflammatory response and autoimmunity PCR array revealed 14 upregulated pro-inflammatory genes in S. anginosus-infected mice at 2 weeks post-

infection.

(G) Gastric Ccl8 and Ccl20 mRNA levels were upregulated by S. anginosus infection at 2 weeks post-infection. Data were shown as mean ± SEM. Each spot

represents one subject. Two-tailed Wilcoxon ranked sum test (A), Kruskal-Wallis test (E), or Student’s t test (G) was used to examine the statistical significance

among groups.

See also Figure S1 and Tables S1, S2, and S4.
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Alcian blue-positive cells were found in gastric mucosa in

S. anginosus-infected mice, but not in BHI control mice at

12 months. We also performed immunofluorescence staining of

metaplasticmarkerGriffonia simplicifolia lectin II (GSII) (Figure 3F).

Consistent with the metaplastic changes under H&E staining,

S. anginosus infection increased GSII-positive cells within gastric

glands at 12 months post-infection. Moreover, S. anginosus

induced cell proliferation in gastric mucosa as determined by Ki-

67 (Figure 3G) and proliferating cell nuclear antigen (PCNA) stain-

ing, respectively, (Figure 3H) at 6 and 12 months post-infection.
884 Cell 187, 882–896, February 15, 2024
Notably, infection with another GC-enriched oral pathogen, Parvi-

monas micra (Figure S3G), only induced mild to moderate inflam-

mation in the mouse stomach after 12 months, with no sign of

gastric atrophy or metaplasia (Figures S3H and S3I), inferring

that the induction of gastric tumorigenesis is specific to

S. anginosus. Collectively, these results support the notion that

S. anginosus infection specifically triggered a series of precancer-

ouschanges ingastricmucosa,manifestedbyprogressiveparietal

cell atrophy, mucinous metaplasia, and dysplasia, accompanied

by increased cell proliferation.



A

B

C

D

(legend on next page)
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S. anginosus impairs gastric barrier function and gastric
microbiome homeostasis in mice
The disruption of gastric barrier function is an important hallmark

of neoplastic transformation.15 Claudin18 (CLDN18) is a tight

junctional protein specifically expressed in the stomach.16,17

We thus examined the expression of CLDN18 together with junc-

tional markers Occludin (OCLN) and Zonula occludens (ZO-1) by

western blot. As shown in Figure 3I, CLDN18 (p < 0.001), OCLN

(p = 0.018), and ZO-1 (p = 0.006) proteins were significantly

decreased in S. anginosus-infected mice compared with BHI

control mice. Consistently, CLDN18 was disrupted at the neck

region of the corpus and the base of the antrum after 3 months

of S. anginosus infection as indicated by immunofluorescence

staining (Figure 3J). Consequently, the loss of CLDN18 was

apparent along the entire length of gastric glands in corpus or

antrum at 9 and 12 months post-infection. Furthermore,

S. anginosus infection functionally impacts gastric barrier func-

tion, as evidenced by its capacity to increase transepithelial fluo-

rescein isothiocyanate (FITC) permeability in MKN28 and NCI-

N87 monolayer cells (Figure S3J). These results implied the

disruption of gastric barrier function by S. anginosus infection.

To unravel alterations in the gastric microbiome after

S. anginosus or H. pylori infection, we performed 16s rRNA

sequencing of gastric mucosa from S. anginosus- and

H. pylori-infected mice at acute (2 weeks), chronic (3 and

6 months), and precancerous (9 and 12 months) stages.

Compared with the S. anginosus infection at acute and chronic

stages, the infection at precancerous stage enriched Sutterella;

Parabacteroides; and oral commensals Bacteroides, Prevotella,

and Aggregatibacter, together with the depletion of probiotics

such as Bifidobacterium pseudolongum and Lactobacillus (Fig-

ure S3K). Prevotella and Aggregatibacter were reported to be

increased in the oral cavity of patients with GC compared

with healthy subjects,18 while Aggregatibacter was also en-

riched in the gastric microbiota of GC compared with superfi-

cial gastritis.19 Network analysis further highlighted a negative

correlation between B. pseudolongum and S. anginosus at pre-

cancerous stage (Figure S3L; Table S5). This indicates that

S. anginosus infection might increase oral commensals and

reduce probiotics in the stomach that fuel its pro-inflammatory

and pro-tumorigenic effects. Consistent with our finding, oral

microbial community including Streptococcus is associated

with pseudoantralized IM inflammatory microenvironment.20

Meanwhile, H. pylori at precancerous stage enriched Lactoba-

cillus, Streptococcus, Eubacterium, and Prevotella, together

with the depletion of B. pseudolongum (Figures S3M and

S3N; Table S5).
Figure 2. Streptococcus anginosus promotes chronic gastritis in mice

(A) C57BL/6malemicewere orally gavagedwithS. anginosus (n = 5 for 3months, n

for 3 months, n = 8 for 6 months, n = 8 for 9 months, n = 8 for 12 months), or BH

12 months) for 3, 6, 9, and 12 months.

(B) Representative FISH images of gastric tissue sections from S. anginosus-

S. anginosus probe); scale bars, 20 mm.

(C) Representative H&E images of stomach of mice gavagedwith BHI,H. pylori SS

(D) Corresponding histological scoreswere shown by inflammation and parietal ce

Kruskal-Wallis test (D) was used to determine the statistical significance among

See also Figure S2.
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S. anginosus induces spontaneous mucinous
metaplasia in germ-free mice
We then asked whether S. anginosus could promote gastric

tumorigenesis as a single bacterium. To this end, S. anginosus

was inoculated into germ-free mice for 9 months (Figure 4A).

The successful colonization of S. anginosus in gastric mucosa

of germ-free mice was confirmed by FISH, PCR, and qPCR,

and bacterial culture of fresh gastric tissues indicated the pres-

ence of live S. anginosus (Figures 4B–4E). Histological assess-

ment of BHI control mice showed no abnormalities, whereas

S. anginosus-infected mice harbored mucinous metaplasia (3

of 8; p = 0.035) at 9 months post-infection (Figures 4F and 4G).

Consistently, S. anginosus promoted cell proliferation, as evi-

denced by increased Ki-67-positive cells (p = 0.007)

(Figures 4H and 4I). CLDN18 and OCLN protein expressions

were significantly downregulated by S. anginosus, implying

that S. anginosus disrupted gastric tight junction in germ-free

mice (Figure 4J). Collectively, our results from germ-free mice

confirmed the direct pathogenic effect of S. anginosus in driving

gastric tumorigenesis.

S. anginosus promotes the growth of YTN16 allografts
in vivo

To investigate ifS.anginosuspromotesGCprogression,weestab-

lished a GC allograft model by the subcutaneous implantation of

murine GC YTN16 cells,21 a model of microsatellite instability

(MSI) GC (Table S6), to C57BL/6 mice, followed by intratumoral

S. anginosus injections (Figure 5A). S. anginosus significantly pro-

moted allograft growth (p < 0.01) (Figure 5B). At the end point,

S. anginosus-injected tumors showed significantly increased tu-

mor size (Figure 5C) and tumor weight (Figure 5D) compared

with control mice injected with phosphate-buffered saline (PBS).

Consistently, S. anginosus increased cell proliferation and sup-

pressed apoptosis, as indicated by increased Ki-67-positive cells

(Figure 5E) and reduced terminal deoxynucleotidyl transferase

(TdT)-mediated dUTP nick end labeling (TUNEL)-positive bodies

(Figure 5F), respectively, in YTN16 allografts.

We also established an orthotropic GC allografts mouse

model by injecting YTN16 cells into the gastric serosa layer.22

Mice were gavaged with S. anginosus once every 3 days from

the second week for 6 weeks. At the end point, S. anginosus-in-

fected mice showed significantly increased tumor weight

(p = 0.03) and tumor-to-stomach weight ratio (p = 0.003)

(Figures 5G–5I) compared with control mice gavaged with BHI

broth. To evaluate the effect of S. anginosus on GC cell states,

we further performed single-cell RNA sequencing (scRNA-seq)

of S. anginosus-infected orthotopic YTN16 GC tumors
= 7 for 6months, n = 5 for 9months, n = 17 for 12months),H. pylori SS1 (n = 10

I broth (n = 4 for 3 months, n = 6 for 6 months, n = 7 for 9 months, n = 17 for

infected mice (3, 6, 9, and 12 months post-infection) (blue: nuclear, green:

1, and S. anginosus (3, 6, 9, and 12months post-infection); scale bars, 100 mm.

ll atrophy. Datawere shown asmean ±SEM. Each spot represents one subject.
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Figure 3. Streptococcus anginosus induces gastric atrophy, metaplasia, and dysplasia along with impaired gastric barrier function in mice
(A and B) Histological analysis of the stomach of mice gavaged with BHI, H. pylori SS1, and S. anginosus (3, 6, 9, and 12 months post-infection) revealed the

presence of parietal cell atrophy and mucinous metaplasia.

(C) In situ image of the stomach from S. anginosus-infected mice at 12 months post-infection and corresponding images of H&E staining displayed low-grade

dysplasia; scale bars, 100 mm.

(D) The incidence of gastric low-grade dysplasia (LGD) in S. anginosus-infected mice at 12 months post-infection.

(legend continued on next page)

ll
OPEN ACCESS

Cell 187, 882–896, February 15, 2024 887

Article



ll
OPEN ACCESS Article
(Figure S4A). Unsupervised clustering of malignant cells identi-

fied 7 cell subclusters, suggesting significant heterogenicity in

YTN16 tumors (Figure S4B). Compared with the control,

S. anginosus reduced the proportion of differentiated GC cells,

with a corresponding increase in clusters with activated inflam-

matory response, epithelial–mesenchymal transition (EMT),

and angiogenesis pathways (Figures S4C and 4D; Table S7).

Next, we mapped tumor-infiltrating immune cells based on

scRNA-seq datasets. S. anginosus-infected YTN16 tumors

were enriched in pro-inflammatory Th17, immunosuppressive

tumor-associated macrophages (Angio-TAM and LA-TAM),

polymorphonuclear myeloid-derived suppressor cells (PMN-

MDSCs), and exhausted CD8+ T cells (Figures S4E–S4H), infer-

ring that S. anginosus promotes a pro-inflammatory and an

immunosuppressive tumor microenvironment. These results

suggested that S. anginosus-YTN16 interaction altered cell

states and reshaped the tumor microenvironment in GC to pro-

mote tumorigenesis. Collectively, these data indicated that

S. anginosus promoted the growth of GC allografts in vivo.

S. anginosus accelerates gastric tumorigenesis in mice
To clarify the role of S. anginosus in gastric tumorigenesis, we es-

tablished an N-methyl-N-nitrosourea (MNU)-induced GC mouse

model (Figure 5J). Gastric lesions were observed in the antrum af-

ter 9monthsofMNU treatment (Figures 5K andS4I).S. anginosus-

infected mice showed significantly increased tumor incidence (10

of 11, p= 0.003) comparedwithcontrolmice (4of 13) andH.pylori-

infected mice (12 of 18, p < 0.05) (Figures 5K and S4J). Consis-

tently, both tumor number (p = 0.006) and tumor size (p < 0.05)

were significantly higher in S. anginosus-infected mice compared

with control mice treated with MNU only (Figure 5L). Histological

examination showed that 36.4% of S. anginosus-infected mice

had high-grade dysplasia (HGD), which was higher than that

observed in mice treated with MNU alone (15.4%) (Figure 5M)

and was comparable with that in H. pylori-infected mice (22.2%

HGD and 5.6% adenocarcinoma) (Figure S4K). Accordingly,

S. anginosus induced higher cell proliferation in mice compared

with MNU-treated control mice by Ki-67 staining (p < 0.05) (Fig-

ure 5N). These findings collectively inferred that S. anginosus ac-

celerates gastric tumorigenesis in mice induced by MNU.

S. anginosus surface protein TMPC binds to ANXA2
receptor on gastric epithelial cells for S. anginosus
colonization
Since we identified that S. anginosus could colonize in the

gastric mucosa of mice, we investigated the adhesion proper-

ties of this bacterium. Bacterial attachment and invasion as-
(E) Alcian blue staining, which ismucinousmetaplasiamarker, revealed acidicmuc

infected mice at 12 months post-infection; scale bars, 100 mm.

(F) Aberrant chief cell marker (gastric intrinsic factor [GIF]) and enhanced expres

mice at 12 months post-infection; scale bars, 50 mm.

(G and H) S. anginosus-infectedmice showed a higher expression level of cell prol

stomach at 6 and 12 months post-infection; scale bars, 100 mm.

(I) Gastric tight junction markers Claudin18 (CLDN18), Occludin (OCLN), and Z

compared with BHI broth control at 3, 6, 9, and 12 months post-infection.

(J) Representative immunofluorescence images of CLDN18 staining in the gastr

represents one subject. The Kruskal-Wallis test (A and B) or Student’s t test (G–I

See also Figure S3.

888 Cell 187, 882–896, February 15, 2024
says, respectively, showed that S. anginosus (multiplicity of

infection [MOI] = 50) could attach onto and invade into AGS

and Ges-1 cells (Figure 6A). We then performed scanning elec-

tron microscopy (SEM) to visualize the attachment of

S. anginosus to gastric epithelial cells. As shown in Figure 6B,

S. anginosus (<1 mm, coccoid-like shape) is attached onto the

surface of AGS and Ges-1 cells with a clear pathogen-host

interface. This indicates that S. anginosus may exert its onco-

genic effect through direct interactions with gastric epithe-

lial cells.

To decipher the underlying mechanism by which S. anginosus

attaches onto and invades into gastric epithelial cells, we sought

to identify bacterial adhesins that are capable of binding host re-

ceptors. Biotin pull-down assay was used to probe potential in-

teractions betweenS. anginosus adhesins andGes-1membrane

proteins (Figure 6C). Mass spectrometry identified three

S. anginosus proteins of which only TMPC is a surface protein

(Table S8). TMPC is a lipoprotein belonging to ATP-binding

cassette (ABC)-like transporter family, and it functions as a trans-

porter for purine nucleotides.23 Homology alignment of

S. anginosus TMPC revealed that it shared high homology with

bacteria in the Streptococcus genus, many of which were en-

riched in GC biopsies (Figure S5A). Tmpc gene is constitutively

expressed in S. anginosus, and its expression level is unaffected

by contact with gastric epithelial cells (Figure S5B). We then

looked for the binding receptor of TMPC on gastric epithelial

cells. We expressed glutathione S-transferase (GST)-tagged

TMPC recombinant protein (GST-TMPC) in E. coli and per-

formed GST pull-down with Ges-1 membrane proteins (Fig-

ure 6D). Over 10 candidate bands were identified in Ges-1 and

AGS cells (Figures 6E and S5C). Overlap of the candidate pro-

teins from these cell lines unraveled ANXA2 as a common recep-

tor for TMPC (Table S8). Co-immunoprecipitation (co-IP) assays

consistently showed pull-down of ANXA2 by GST-TMPC in

Ges-1 and AGS cells (Figure 6F), which was validated by recip-

rocal co-IP using anti-ANXA2 (Figure 6G). Moreover, direct inter-

action between TMPC and ANXA2 was confirmed by co-IP as-

says with recombinant ANXA2 and recombinant GST-TMPC

(Figure 6H) and by microscale thermophoresis (MST) (Figure 6I).

MST is a revolutionary technique to analyze biomolecular inter-

actions,24 which demonstrated the binding of ANXA2 to TMPC

with an apparent dissociation constant (Kd) of 57.4 mM

(Figure 6I).

The functional role of TMPC- ANXA2 in mediating the coloni-

zation of S. anginosus in gastric epithelial cells was validated by

depleting ANXA2 in Ges-1 and AGS cells by small guide RNA

(sgRNA) (Figure 6J). ANXA2 knockout inhibited S. anginosus
in-containing glands in the corpus of stomach fromS. anginosus- andH. pylori-

sion of mucus neck cell marker (GSII) were observed in S. anginosus-infected

iferation marker Ki-67 (G) and proliferating cell nuclear antigen (PCNA) (H) in the

onula occludens (ZO-1) were downregulated in S. anginosus-infected mice

ic mucosa; scale bars, 50 mm. Data were shown as mean ± SEM. Each spot

) was used to examine the statistical significance among groups.
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Figure 4. Streptococcus anginosus promotes mucinous metaplasia in germ-free mice

(A) Germ-free BALB/c mice were gavaged with S. anginosus (n = 8) or BHI broth (n = 10) once per week for 9 months.

(B–E) S. anginosus colonization and bacteria loads were confirmed by FISH (scale bars, 20 mm) (B), PCR (C), bacterial culture of fresh gastric mucosa tissue (D),

and qPCR (E) from S. anginosus-infected germ-free mice.

(F) Representative H&E image of gastric mucosa from germ-free mice administrated with S. anginosus or BHI broth; scale bars, 200 mm.

(G) Mucinous metaplasia score was shown.

(H and I) Cell proliferation marker Ki-67 was upregulated in S. anginosus-infected germ-free mice; scale bars, 50 mm.

(J) Tight junction markers CLDN18 and OCLN were downregulated in the stomach of S. anginosus-infected germ-free mice. Data were shown as mean ± SEM.

Each spot represents one subject. Mann-Whitney U test (E) and Student’s t test (G, I, and J) were used to examine the statistical significance among groups.
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attachment and invasion compared with small guide negative

control (sgNC) cells (Figures 6K and S5D). To determine the

functional importance of TMPC in S. anginosus-driven gastric

tumorigenesis, we utilized insertional inactivation (Figure 6L)

to generate an S. anginosusDTmpc mutant strain (Figures 6M

and S5E) deficient in TMPC protein expression (Figure 6N).

Compared with wild-type S. anginosus, S. anginosusDTmpc
showed markedly impaired cell adhesion and invasion ability

in vitro (Figures 6O and S5F) and failed to induce the growth

of YTN16 allografts in vivo (Figures 6P and 6Q). Together, these

findings confirmed that TMPC mediates S. anginosus coloniza-

tion of gastric epithelial cells through its surface protein TMPC

binding to ANXA2 receptor on gastric epithelial cells and is

functionally essential for tumorigenesis.
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Figure 5. Streptococcus anginosus accelerates gastric cancer development in mice

(A) C57BL/6micewere intratumorally injectedwithS. anginosus (105 colony-forming unit [CFU], n = 10) or PBS (n = 10) once per 5 days in YTN16 allograft model of

gastric carcinoma.

(B–D) Tumor growth curve, (C) images of tumors, and (D) tumor weight from S. anginosus- or PBS-injected YTN16 allografts. Tumor weight was shown asmean ±

SEM. **p < 0.01.

(E) Ki-67 staining showed increased cell proliferation rate in tumors from S. anginosus-injected mice compared with PBS control mice; scale bars, 50 mm.

(F) Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) staining revealed decreased apoptotic cells in tumors from

S. anginosus-infected mice; scale bars, 50 mm.

(G) C57BL/6 mice were orally gavaged with S. anginosus (2 3 109 CFU, n = 21) or BHI (n = 19) once per 3 days in YTN16 orthotropic gastric cancer model.

(legend continued on next page)
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S. anginosus activatesMAPK signaling pathway through
TMPC-ANXA2 interaction
To investigate the downstream signaling mechanisms involved

in S. anginosus-induced gastric carcinogenesis, we performed

RNA-seq of gastric tissues from S. anginosus-infected conven-

tional mice (12 months) and of those from control mice. Volcano

plots showed that 1,727 genes were upregulated, and 1,020

genes were downregulated in S. anginosus-infected mice

(Figures 7A and S6A). Pathway enrichment analysis identified

that several oncogenic pathways including Ras, MAPK, and

phosphatidylinositol 3-kinase (PI3K)-AKT were upregulated in

S. anginosus-infected mice (Figure 7B). Enrichment score

showed that MAPK signaling was significantly activated by

S. anginosus infection (Figure 7C). Indeed, protein expressions

of p-ERK1/2, p-JNK, and p-AKT were markedly increased in

S. anginosus-infectedmice as shownbywestern blot (Figure 7D),

concomitant with the induction of downstream Cyclin D1 (Fig-

ure 7D). We validated our observations in MNU GC mice

(9 months). Similarly, S. anginosus significantly increased the

protein expressions of p-ERK1/2 (p = 0.006); p-AKT (p =

0.006); p-c-Jun (p = 0.002), concomitant with downstreamCyclin

D1 (p = 0.048); and c-Myc (p = 0.018) (Figure 7E). S. anginosus

also induced p-ERK1/2 and p-JNK in the stomach of germ-free

mice at 9 months post-infection (Figure S6B). Moreover, co-cul-

ture of S. anginosus with Ges-1 and AGS cells rapidly increased

p-ERK1/2, p-AKT, and p-JNK protein expressions (Figure 7F).

Consistently, S. anginosus also attached and invaded KRAS

wild-type GC cell lines, MKN28 and NCI-N87 (Figure S6C), and

activated MAPK signaling (Figure S6D). The activation of

MAPK signaling by S. anginosus critically depends on the

TMPC-ANXA2 interaction. Knockout of ANXA2 in Ges-1 and

AGS cells abolished the induction of p-ERK1/2, p-AKT, and p-

JNK by S. anginosus (Figure 7G). Recombinant TMPC protein

also induced p-ERK1/2, p-AKT, and p-JNK in AGS and NCI-

N87 cells (Figure S6E). In addition, the deletion of TMPC abro-

gated the induction of p-ERK1/2 and p-JNK by S. anginosus in

YTN16 allografts in vivo (Figure 7H). Our results collectively indi-

cated that S. anginosus promotes MAPK signaling through the

TMPC-ANXA2 interaction, which in turn contributes to its pro-

tumorigenic effect in the gastric epithelium.

DISCUSSION

H. pylori has long been considered the causative agent in gastric

tumorigenesis; however, its dominance in the gastric mucosa is

largely diminished as the disease progresses to atrophy, meta-
(H and I) (H) Representative images of tumors, (I) tumor weight, and tumor/body

(J) N-Methyl-N-nitrosourea (MNU)-induced gastric cancer model. C57BL/6 mice

followed by gavagewithS. anginosus (every 3 days, n = 11),H. pylori SS1 (every 3

until week 36.

(K) Representative images of stomach from BHI and S. anginosus-infected mice

higher in both S. anginosus- and H. pylori-infected mice.

(L) Tumor multiplicity and tumor size were higher in S. anginosus-infected mice c

(M) Representative images of H&E staining of stomach from BHI and S. anginos

higher proportion of high-grade dysplasia in S. anginosus-monocolonizaed MNU

(N) Ki-67 staining showed increased proliferation rates in S. anginosus-infected m

mean ±SEM. Each spot represents one subject. Two-way ANOVA (B), chi-square

I, L/tumor size, and N) were used to examine the statistical significance between

See also Figure S4 and Table S6.
plasia, and GC stages. Intrigued by this observation, we sought

to establish a role of non-H. pylori microbiome in GC. Our meta-

genomic profiling of gastric mucosal samples across different

stages of GC revealed that S. anginosus is a potential pathogen

enriched in GC.5,9 Here, we demonstrate the causality of

S. anginosus in gastric tumorigenesis and establish a mecha-

nism through which S. anginosus communicates with gastric

epithelial cells to drive oncogenesis.

S. anginosus readily colonizes the murine stomach and initi-

ates an acute inflammation response with upregulated pro-in-

flammatory cytokines including Ccl20 and Ccl8, followed by a

chronic phase with intensive and persistent gastritis. Chronic

inflammation is an environmental trigger for gastric tumorigen-

esis.25 Consistently, we found that long-term S. anginosus

infection caused progressive gastric pathologies, including

parietal cell atrophy, mucinous metaplasia, and dysplasia.

S. anginosus-induced metaplastic transformation, as evidenced

by histology and confirmed by increased Alcian blue-positive

cells and the GSII-positive mucous neck cells, together with

reduced gastric intrinsic factor (GIF)-positive chief cells.26 In

keeping with the findings from conventional mice, mono-infec-

tion of S. anginosus in germ-free mice also induced the develop-

ment of mucinous metaplasia, implying that S. anginosus itself,

but not its interaction with gastric microbiome, is sufficient to

drive gastric tumorigenesis. Beyond its intrinsic oncogenic ef-

fect, S. anginosus infection at the precancerous stage causes

a rise in gastric pH and an altered gastric microbiota, with enrich-

ment of pathogenic oral commensals (Prevotella and Aggregati-

bacter) and depletion of probiotic B. pseudolongum. Gastric

dysbiosis due to S. anginosus infection might thus contribute

to a pro-inflammatory and pro-tumorigenic microenvironment

in the stomach. Corroborating our results, fecal transplantation

of human GC microbiome to germ-free mice initiates a series

of premalignant changes.27 These findings highlight S.

anginosus as a non-H. pylori pathogenic bacterium driving

gastritis and precancerous atrophy-metaplasia-dysplasia

sequence, concomitant with reprogrammed gastric microbiome

in the murine stomach.

To further investigate the cancer-promoting potential of

S. anginosus, we next evaluated its effect on YTN16 allografts

and MNU-induced spontaneous gastric carcinogenesis. In

both mouse experiments, S. anginosus significantly promoted

GC development. S. anginosus boosted the growth rate of

YTN16 allografts in both subcutaneous and orthotopic cancer

models, and S. anginosus treatment in the MNU model aggra-

vated dysplastic transformation with higher gastric tumor
weight ratio from BHI or S. anginosus-infected group.

were treated with 5 cycles of MNU (240 ppm) treatment in alternate weeks,

days, total for 5 doses within 2weeks, n = 18), or BHI broth (every 3 days, n = 13)

showed adenoma in the antrum site; scale bars, 50 mm. Tumor incidence was

ompared with BHI broth group.

us-infected MNU mice; scale bars, 100 mm. Pathological diagnosis showed a

mice.

ice compared with BHI broth group; scale bars, 50 mm. Data were shown as

d (c2) test (K), Mann-Whitney U test (L/tumor number), and Student’s t test (D–F,

groups.

Cell 187, 882–896, February 15, 2024 891



Ges-1

Invasion

100

50

0

150

R
el

at
iv

e
ba

ct
er

ia
(%

)

Attachment

100

50

0

150

R
el

at
iv

e
ba

ct
er

ia
(%

)

P<0.0001 P=0.0001

∆TmpcS. a∆TmpcS. a

sg-
NC

sg-
ANXA2

Ges-1
GAPDH

ANXA2

AGS
GAPDH

ANXA2

Ges-1/ AGS cell lysatesGes 1/ AGS cell l

S. anginosus
membrane protein

streptavidin

Spin & Wash & Elute

Mass spectrometry

AG
S+

S
.a

S.anginosusAGS

G
es

-1
+
S
.a

Ges-1

E F

A AGS (MOI 50)

4
3
2
1
0
Attachment Invasion

5

（
*1

0^
3

C
FU

/m
L)

C

- + +

ANXA2

In
pu

t
G

es
-1GST

ANXA2

GST
GST-TMPC

IP
AN

XA
2

- + +

ANXA2

GST
ANXA2

GST
GST-TMPC

In
pu

t
AG

S
IP

AN
XA

2

IH

GST-TMPC
Re-ANXA2

IP:GST

+ +
- +

GST
ANXA2

G

TMPC

Ges-1

S. anginosus
Biotin-Ges-1

+
+ +
- +

- -

-
-

250
140

70
50
40
35

25

100

Attachment Invasion

4
3
2
1
0

（
*1

0^
3

(C
FU

/m
L)

Ges-1 (MOI 50)

B

J

S
.a
ng
in
os
us

S
.a
ng
in
os
us

GST

~26 kDA

140

70
50
40
35

25

100

15

GST-TMPC

~63 kDA

D

Bind

Wash/Elute

Receptor identification
Mass Spectrum

Cell membrane
proteinTMPC

K

ANXA2

Ges-1

Ges-1
GST-TMPC

IP:GST Input

GST
+ + ++
- + +-

AGS

AGS
GST-TMPC

IP:GST

GST

ANXA2

+ +
- +

+
-

Input

++
+- +

-

930

920

910

940

Fn
or

m
(‰

)

900
10-710-910-8 10-610-510-410-310-210-1

TMPC concentration (M)

Kd= 57.4 μM

L N

Lane 1: DL 5000 ladder

Lane 2, 3: S. anginosus∆Tmpc (Passage 2)

Lane 4: S. anginosus

Lane 5: S. anginosus∆Tmpc (Passage 1)

Lane 6: pUC19-Tmpc∷Ermb

Lane 7: Negative control

Lane 1 2 3 4 5 6 7

1 k

1.5 k
2 k
3 k
5 k

Tmpc

pUC19-
Tmpc∷Ermb

4.9 kb

pUC19-
Tmpc∷Ermb

4.9 kb

Tmpc (upstream)

Tmpc (downstream)

Ermb
AmpR

S. anginosus wild type (Tmpc locus)
1047 kb

S. anginosus ∆Tmpc (Tmpc∷ErmB locus)

Tmpc (upstream) Tmpc (downstream)Ermb
2240 kb

Lane 1 2 3 4
TMPC

~37 kDa
Loading amount: 30 μg

Lane 1: S. anginosus

Lane 2: S. anginosus∆Tmpc (Passage 1)

Lane 3: S. anginosus∆Tmpc (Passage 2)

Lane 4: S. anginosus∆Tmpc (Passage 3)

2 4
0

300

400

100

Tu
m

or
vo

lu
m

e
(m

m
3 )

200

6Weeks

500

1 3 5

PBS
S. anginosus
S. anginosus∆Tmpc

*** * ****

S. anginosus

PBS

S. anginosus∆Tmpc

0.25

0

0.15

0.20

0.05

Tu
m

or
w

ei
gh

t(
g)

0.10

P=0.038

P=0.049QP
S. anginosus
S. anginosus∆Tmpc
PBS

YTN16 cell
subcutaneous injection

2 4 6
weeks

0 1

G
ST

-T
M

O
PC

Beads

Ges-1 G
ST

220
140
100

70
50

40
35

25

Ctrl GST GST-TMPC

GST/
GST-TMPC

+ - + - +

- + + + +
+ + + + +

6
7

8
9

10

1
2
34

5

Ges-1 AGS

Invasion

sgNC sg-ANXA2

100

50

0

150

R
el

at
iv

e
ba

ct
er

ia
(%

)

Attachment
P=0.002

sgNC sg-ANXA2

100

50

0

150

R
el

at
iv

e
ba

ct
er

ia
(%

)

Invasion

P=0.049

sgNC sg-ANXA2

100

50

0

150

R
el

at
iv

e
ba

ct
er

ia
(%

)
Attachment

P=0.032

sgNC sg-ANXA2

100

50

0

150

R
el

at
iv

e
ba

ct
er

ia
(%

)

AGS

Invasion

100

50

0

150

R
el

at
iv

e
ba

ct
er

ia
(%

)

Attachment

100

50

0

150

R
el

at
iv

e
ba

ct
er

ia
(%

)

P<0.0001

∆TmpcS. a

P=0.003

∆TmpcS. a

OM

Figure 6. Streptococcus anginosus interacts with gastric epithelial cells through a TMPC-Annexin A2 (ANXA2) axis

(A) Bacteria attachment and invasion assay showed that S. anginosus attached onto and invaded into AGS and Ges-1 cells after co-culture (n = 3 per group).

(B) Representative scanning electron microscopy (SEM) images of AGS and Ges-1 cells after co-culture with S. anginosus. The higher magnification images

showed attachment between bacteria and the cells.

(C) TMPC, a 37 kDa protein located on the surface of S. anginosus, was identified by silver staining in combination with mass spectrometry analysis after biotin

pull-down assay.

(legend continued on next page)
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incidence, especially for high-grade, locally invasive dysplasia.

In line with its tumor-promoting effect, S. anginosus infection

drives increased cell proliferation in the gastric mucosa and tu-

mors. In addition, we showed that S. anginosus infection impairs

gastric barrier function, as indicated by the time-dependent re-

ductions in the expression of tight junction markers CLDN18,

OCLN, and ZO-1. Tight junction is critical for maintaining cellular

polarity, and its disruption is a hallmark of epithelial tumorigen-

esis. For instance, the loss of CLDN18, a unique tight junction

protein in stomach, results in spontaneous neoplasia and tumor-

igenesis in mice.28,29 Impaired cell-cell tight junctions also favor

bacterial adhesion and invasion into gastric mucosal epithelial

cells, allowing the establishment of persistent colonization and

damage to gastric mucosa.30 Our results collectively indicate

that S. anginosus accelerates gastric tumorigenesis by promot-

ing cell proliferation and disrupting gastric barrier integrity.

Bacterial adherence is frequently the prerequisite step to the

initiation of tumorigenesis. In light of the oncogenic role of

S. anginosus in the gastric epithelium, we elucidated the

direct interplay between S. anginosus and gastric epithelium.

S. anginosus readily attached and invaded gastric epithelial cells.

We identified an S. anginosus surface adhesin, TMPC, which

directly interacts with gastric epithelial cell receptors as observed

in the pull-down assay. Reciprocal IP demonstrated that TMPC

functions as a ligand for ANXA2 expressed on gastric cells. Ex-

periments with recombinant TMPC and ANXA2 validate their

direct interaction with an apparent Kd of 57.4 mM. This interaction

is essential for the tumorigenic function of S. anginosus, as the

genetic ablation of TMPC abolished attachment, invasion, and

tumorigenicity of S. anginosus. Consistent with these observa-

tions, TMPC was reported to be required for S. pneumoniae-

associated lung infection and virulence,31 indicating a pathogenic

role of this protein in Streptococcus colonization in humans. On

the other hand, knockout of its corresponding receptor, ANXA2,

in human GC cells largely reduced S. anginosus attachment

and invasion into gastric epithelial cells. In agreement with our re-

sults, ANXA2 has been identified as a receptor for other bacteria

such as Escherichia coli32 and Pseudomonas aeruginosa.33

Taken together, S. anginosus interacts with host gastric epithelial

cells primarily via a TMPC-ANXA2 protein complex.
(D and E) Ges-1 membrane protein was incubated with GST or GST-TMPC togeth

GST-TMPC and Ges-1 cell membrane proteins group were subjected to mass s

(F) ANXA2 from Ges-1 and AGS cell lysates was pulled down by GST-TMPC acc

(G) Immunoprecipitation of ANXA2 from Ges-1 or AGS cells lysates also showed

(H) Recombinant ANXA2 and GST-TMPC directly binds to each other, as determ

(I) Microscale thermophoresis (MST) analysis of the binding affinity of TMPC to A

(J and K) Knockout of ANXA2 in Ges-1 or AGS cells significantly decreased S. a

(L) The schematic representation of the insertional inactivation of Tmpc in S. an

S. anginosus for homologous recombination.

(M) PCR analysis of insertion mutants of S. anginosus. Bacteria chromosomal DN

Ermb insertion.

(N) Analysis of TMPC protein level of S. anginosus and S. anginosusDTmpc.

(O) S. anginosusDTmpc showed decreased adhesion and invasion ability compa

(P) C57BL/6mice were intratumorally injectedwith S. anginosus (105 CFU, n = 7),S

allograft model of GC.

(Q) Tumor growth curve (arrows indicated S. anginosus injection), images of tumor

YTN16 allografts. Data were shown as mean ± SEM. Each spot represents one su

the statistical significance between groups. ****p < 0.0001.

See also Figure S5 and Table S8.
Interaction between S. anginosus and gastric epithelial cells

then initiates oncogenic signaling cascades. Transcriptome

profiling and Kyoto Encyclopedia of Genes and Genomes

(KEGG) analysis revealed significant enrichment of the MAPK

signaling in S. anginosus-infected mice. MAPK has been impli-

cated in GC progression via the activation of the following three

subfamilies: ERK, JNK, and p-38 kinase.34–36 ERK plays vital

roles in promoting cell proliferation, while JNK and p38 are

closely related to apoptosis and inflammation.37 S. anginosus

induced the phosphorylation of ERK and JNK in gastric cells

in vitro and in vivo as shown by western blot. This in turn acti-

vated downstream targets such as p-AKT, Cyclin D1, c-Myc,

and c-Jun that play important roles in the regulation of cell sur-

vival, proliferation, and apoptosis. Furthermore, the depletion

of ANXA2 abolished the S. anginosus-mediated p-ERK, p-AKT,

and p-JNK activation in gastric epithelial cells, thereby establish-

ing the significance of TMPC-ANXA2 interplay functioning up-

stream of MAPK activation and pro-tumorigenic effect of this

bacterium. Supporting the role of ANXA2 as a pro-tumorigenic

factor, previous studies have shown that ANXA2 promotes

RalA-dependent ERK1/2 signaling38 and activates the JNK-

p53 pathway.39

In summary, we identified S. anginosus as the non-H. pylori

bacterium promoting gastric tumorigenesis. S. anginosus infec-

tion spontaneously initiates gastritis and precancerous atrophy-

metaplasia-dysplasia sequence and accelerates gastric tumori-

genesis inmousemodels.We elucidated that the virulent surface

factor TMPC from S. anginosus binds to ANXA2 on gastric

epithelial cells to elicit bacteria attachment, invasion, and the

downstream activation of oncogenic MAPK signaling. Our study

thus provides the evidence of S. anginosus as a causal pathogen

in the stages of gastric carcinogenesis.

Limitations of the study
This study has some limitations. First, while we have elucidated

the interaction between S. anginosus and host GC, its potential

interplay with other cells in the tumor microenvironment such

as immune cells and fibroblasts should be considered in future

studies. Second, whether S. anginosus can work in concert

with other GC-enriched pathogens or be antagonized by
er with GSTmagnetic beads for GST-pull-down assay. Corresponding bands in

pectrometry analysis.

ording to the GST pull-down assay.

positive binding between ANXA2 and GST-TMPC.

ined by GST pull-down.

NXA2 with a dissociation constant (Kd) of 57.4 mM.

nginosus attachment and invasion to the epithelial cell (n = 3 per group).

ginosus. Plasmid pUC19-TmpcTErmb was constructed and transformed into

A was used as template for the PCR. Primer Tmpc-F/R were used to validate

red with S. anginosus wild type (n = 6 per group).

. anginosusDTmpc (105 CFU, n = 7), or PBS (n = 7, 50 mL) once aweek in YTN16

s, and tumor weight from S. anginosus-, S. anginosusDTmpc-, or PBS-injected

bject. Two-way ANOVA (Q) and Student’s t test (K, O, Q) were used to examine
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Figure 7. Streptococcus anginosus activates MAPK signaling via TMPC-ANXA2 axis

(A) Volcano plot of RNA sequencing dataset showing differential expressed genes (DEGs) in the stomach from S. anginosus-infected mice (n = 3) compared with

BHI control mice (n = 3) at 12 months (p < 0.05, fold-change [FC] R 1.5). Results were derived from biological triplicates.

(B) KEGG pathway enrichment analysis of DEGs from RNA sequencing dataset. Size of circles represents the ratio of DEGs in pathways. Red: upregulated, blue:

downregulated.

(C) Gene set enrichment analysis (GSEA) showing the enrichment of Ras and MAPK signaling pathways.

(D) Western blot analysis of the activation of MAPK pathway in S. anginosus-infected mice compared with BHI control group of conventional mice at 12 months

post-infection, with increased p-ERK, p-JNK, and p-AKT, and downstream Cyclin D1 (n = 6 per group).

(E) S. anginosus activated MAPK signaling pathway in MNU-induced gastric tumorigenesis model at 9 months post-infection, with increased downstream c-Myc

and c-Jun (n = 6 per group).

(F) S. anginosus activated MAPK signaling in Ges-1 and AGS cells after co-culture for 6 h (n = 3 per group).

(G) ANXA2 knockout reversed S. anginosus-activated MAPK signaling pathway (n = 3 per group).

(H) TMPC protein depletion abolished S. anginosus-induced MAPK signaling activation in YTN16 allograft gastric cancer model (n = 4 per group). Data were

shown as mean ± SEM. Each lane of western blotting picture represents one subject. The Student’s t test (D, E, and H) was used to examine the statistical

significance between groups.

See also Figure S6.
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probiotic bacteria during GC progression also deserves further

investigation. Despite these limitations, our study provided the

evidence of a non-H. pylori microbe that could contribute to

GC development.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Donkey anti-Rabbit IgG (H+L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 594

Invitrogen Cat#A-21207; RRID: AB_141637

Goat anti-Mouse IgG (H+L)

Cross-Adsorbed Secondary Antibody,

Alexa Fluor 488

Invitrogen Cat#A-11001; RRID: AB_2534069

Rabbit monoclonal anti-Akt1

(clone C73H10)

Cell Signaling Technology Cat#2938s; RRID: AB_915788

Mouse monoclonal anti-Annexin

A2 (clone 3H1B11)

ProteinTech Cat#60051-1-Ig; RRID: AB_2057309

Rabbit polyclonal anti-GIF Sigma-Aldrich Cat#HPA040774; RRID: AB_10795626

Rabbit monoclonal anti-c-Jun (clone 60A8) Cell Signaling Technology Cat#9165; RRID: AB_2130165

Rabbit polyclonal anti-Claudin 18 Thermo Fisher Scientific Cat#38-8100; RRID: AB_2533383

Rabbit polyclonal anti-c-Myc Cell signaling Cat#9402; RRID: AB_2151827

Rabbit polyclonal anti-Cyclin D1 Cell signaling Cat#2922s; RRID: AB_2228523

Rabbit polyclonal anti-ERK1/2 Santa Cruz Biotechnology Cat#sc-292838; RRID: AB_2650548

Rabbit monoclonal anti-GAPDH (clone D16H11) Cell Signaling Technology Cat#5174s; RRID: AB_10622025

Mouse monoclonal anti-GST-Tag (clone 26H1) Cell Signaling Technology Cat#2624; RRID: AB_2189875

Rabbit monoclonal anti-Ki-67 (clone D3B5) Cell Signaling Technology Cat#12202; RRID: AB_2620142

Mouse monoclonal anti-Occludin (clone E-5) Santa Cruz Biotechnology Cat#sc-133256; RRID: AB_2156317

Rabbit monoclonal anti-PCNA (clone D3H8P) Cell Signaling Technology Cat#13110; RRID: AB_2636979

Rabbit polyclonal anti-Phospho-Akt (Ser473) Cell Signaling Technology Cat#9271s; RRID: AB_329825)

Rabbit monoclonal anti-Phospho-c-Jun

(Ser73) (clone D47G9)

Cell Signaling Technology Cat#3270; RRID: AB_2129575

Rabbit monoclonal anti-Phospho-p38 MAPK

(Thr180/Tyr182) (clone D3F9)

Cell Signaling Technology Cat#4511s; RRID: AB_2139682

Rabbit monoclonal anti-Phospho-p44/42

MAPK (Erk1/2) (Thr202/Tyr204) (clone 197G2)

Cell Signaling Technology Cat#4377; RRID: AB_331775

Mouse monoclonal anti- Phospho-SAPK/JNK

(Thr183/Tyr185) (clone G9)

Cell Signaling Technology Cat#9255s; RRID: AB_2307321

Rabbit polyclonal anti-SAPK/JNK Cell Signaling Technology Cat#9252; RRID: AB_2250373

Rabbit polyclonal anti-ZO-1 Abcam Cat#ab96587; RRID: AB_10680012

Rabbit monoclonal anti-b-Actin (clone 13E5) Cell Signaling Technology Cat#4970; RRID: AB_2223172

Rabbit polyclonal anti-TMPC This study N/A

Bacterial and virus strains

Streptococcus anginosus ATCC Cat#ATCC 33397

Helicobacter pylori SS1 The Chinese University of Hong Kong N/A

Escherichia coli Sangon Biotech N/A

S. anginosusDTmpc This study N/A

Chemicals, peptides, and recombinant proteins

Lectin GS-II from Griffonia simplicifolia,

Alexa Fluor 488 Conjugate

Invitrogen Cat#L21415

N-Methyl-N-nitrosourea Aladdin N136701

FITC-dextran (4kDa) Sigma-Aldrich 46944

EZ-Link� Sulfo-NHS-LC-Biotin Thermo Fisher Scientific 21335B

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant GST-TMPC protein This study NA

Recombinant Annexin A2 protein Origene AR09353PU-N

Competence-stimulated peptide 1 ChinaPeptides EMRLSKFFRDFILQRKK

Erythromycin Aladdin E105345

Sulfadiazine MedChemExpress Cat#HY-B0273

Aztreonam MedChemExpress Cat#HY-B0129

Gentamicin MedChemExpress Cat#HY-A0276A

Critical commercial assays

PrimeScript RT reagent Kit Takara RR037A

Mouse inflammatory response

and autoimmunity PCR array

QIAGEN PAMM-077Z

Pierce� Silver Stain for Mass Spectrometry Thermo Fisher Scientific 24600

His-Tag Labeling Kit Red-tris-NTA NanoTemper Technologies MO-L018

QIAamp DNA mini kit QIAGEN Cat#51306

Deposited data

RNA sequence data of mouse gastric tissues This study GSA: CRA014025

16S rRNA gene sequence data

of gastric biopsy samples

Coker et al.5 N/A

16S rRNA gene sequence data

of gastric biopsy samples

Sung et al.9 N/A

16S rRNA gene sequence data

of gastric biopsy samples

Ferreira et al.10 RJNA413125

16S rRNA gene sequence data

of gastric tumor samples

Yu et al.11 PRJNA310127

Experimental models: Cell lines

Human: Ges-1 cells Cell Research Institute, Shanghai N/A

Human: AGS cells ATCC CRL-1739

Human 293T cells ATCC CRL-3216; RRID: CVCL_0063

Mouse: YTN16 cells Gift from Prof. Sachiyo Nomura N/A

Human: MKN28 cells JCRB JCRB0253

Human: NCI-N87 cells ATCC CRL-5822; RRID: CVCL_1603

Experimental models: Organisms/strains

Mouse: C57/BL6 The Chinese University of Hong Kong N/A

Mouse: Germ-free BALB/c The Third Military Medical University N/A

Oligonucleotides

Guide RNA targeting sequence: human ANXA2:

TCACCTACCTTTGGTCTTGA

GenScript N/A

Primers for PCR, see Table S1 BGI Genomics N/A

FITC-labeled S. anginosus probe (sequence:

5’-AGT TAA ACA GTT TCC AAA GCC TAC-3’)

FOCOFISH, Guangzhou N/A

Recombinant DNA

Plasmid pGEX-4T-1 vector Sangon Biotech N/A

Plasmid lentiCRISPRv2 vector Addgene Cat#108100; RRID: Addgene_108100

Plasmid pUC19-TmpcTErmb This study N/A

Plasmid p919 vector Gift from Prof. Barbara Spellerberg N/A

Software and algorithms

GraphPad Prism 8.2 GraphPad Software www.graphpad.com

Image Lab version 5.2.1 Bio-Rad N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MO Affinity Analysis v.3.0.5 NanoTemper Technologies N/A

Cell Ranger v7.2.0 10xgenomics www.10xgenomics.com

R project R Core Team www.r-project.org

Other

Tmpc gene, ATCC 33397 strain ATCC Locus Tag EODJBPNH_00792
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contacts, Dr. Jun Yu

(junyu@cuhk.edu.hk).

Materials availability
Plasmids, recombinant TMPC protein, and anti-TMPC antibody generated in this study will be shared by the lead contact upon

request.

Data and code availability
d Raw data for Ferreira et al.10 and Yu et al.11 were retrieved form Sequence Read Archive under accession PRJNA413125 and

PRJNA310127, respectively. RNA sequencing data of mosue gastric tissues has been deposited in the Genome Sequence

Archive (Genomics, Proteomics & Bioinformatics 2021) in National Genomics Data Center (Nucleic Acids Res 2022), China Na-

tional Center for Bioinformation / Beijing Institute of Genomics, Chinese Academy of Sciences (GSA: CRA014025). Datasets of

Coker et al.5 and Sung et al.9 will be shared by the lead contact upon request.

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 STUDY PARTICIPANT DETAILS

Mouse models
S. anginosus infection in conventional mice

Male C57BL/6 conventional mice (6-8 weeks old) were randomly assigned into three groups: BHI (negative control), H. pylori SS1

(positive control), and S. anginosus. Mice in BHI or S. anginosus groups were orally given broth medium (200 mL) or bacteria (23

109 Colony-forming units (CFU) in 200 mL BHI broth) once every three days. H. pylori SS1-infected mice were dosed with bacteria

(23109 CFU in 200 mL BHI broth) for 5 times in 2 weeks to achieve successful colonization in the stomach. Mice in each group

were sacrificed at 2weeks, 3-, 6-, 9- and 12-months post-infection. For theH. pylori SS1 andS. anginosus co-infectionmousemodel,

mice were orally given both bacteria together from the first dose. All the animal experiments were approved by the Animal Experi-

mentation Ethics Committee of The Chinese University of Hong Kong.

S. anginosus infection in Germ-free mice

ForS. anginosusmono-colonized germ-freemicemodel, germ-free BALB/Cmale (8 weeks-old) micewere randomly divided into BHI

broth control and S. anginosus-infected groups. Mice were orally administrated with BHI (200 mL) or S. anginosus (23109 CFU in

200 mL BHI broth) once per week and sacrificed at 9 months post-infection. All the animal experiments were approved by the Animal

Experimentation Ethics Committee of The Third Military Medical University.

Tumor allograft mice

YTN16 cells were suspended in 50% Matrigel and subcutaneously implanted (8x106 cells per tumor) into male C57BL/6 mice

(8 weeks-old), and randomly divided PBS and S. anginosus groups (n = 10 per group). PBS or S. anginosus (105 CFU in 50 mL

PBS) were intratumorally injected every 5 days. For S. anginosusDTmpc-related allograft mouse model, PBS or bacteria

(S. anginosus or S. anginosusDTmpc, 105 CFU in 50 mL PBS, n = 7 per group) were intratumorally injected once per week. The tumor

volume was measured and calculated as Length*(1/2Width).2 To establish orthotopic tumor model, mice were anaesthetized with

isoflurane and shaved around the abdomen.22 An incision was made to expose the stomach. YTN16 cells (5x106) in 30 mL Matrigel

(25% in PBS) were injected into the serosa of the stomach, followed by suturing of the incision. Mice were gavaged with S. anginosus

(23109 CFU, n = 21) or BHI broth (n = 19) starting from the 2nd week after surgery and sacrificed on the 8th week. All the animal

experiments were approved by the Animal Experimentation Ethics Committee of The Chinese University of Hong Kong.
Cell 187, 882–896.e1–e7, February 15, 2024 e3

mailto:junyu@cuhk.edu.hk
http://www.10xgenomics.com
http://www.r-project.org


ll
OPEN ACCESS Article
MNU-induced gastric carcinogenesis in mice

Male C57/BL6 mice (5-week-old) were given MNU (240 ppm, N136701, Aladdin) in drinking water for 5 alternative weeks. After the

last cycle ofMNU treatment, micewere gavagedwith BHI broth (n =13) orS. anginosus (n =11) once every three days.Mice inH. pylori

SS1 (n =18) groupwere orally gavaged 5 timeswithH. pylori SS1 for once every three days to establish infection.Micewere sacrificed

on the 36th week. All the animal experiments were approved by the Animal Experimentation Ethics Committee of The Chinese

University of Hong Kong.

Subject, bacteria, and cell line details
Human subjects

The abundance of S. anginosus in gastric mucosawas quantified by 16s rRNA gene sequence from 311 human gastric biopsy tissues

of 110 superficial gastritis (SG), 117 atrophy gastritis (AG), 45 intestinal metaplasia (IM) and 39 GC subjects.5

Bacteria

S. anginosus (ATCC 33397) was obtained from the American Type Culture Collection. S. anginosus was cultured on BHI agar

(CM1136B; Thermo Fisher Scientific) plate and grown in BHI broth (CM1135B; Thermo Fisher Scientific) medium at 37�C under aer-

obic condition overnight.H. pylori SS1was grown at Columbia blood agar (PP2001, Thermo Fisher Scientific) in an anaerobic jar with

a microaerophilic environment for 3 days at 37 �C. Bacterial colonies were picked from agar plates and inoculated in BBL Brucella

broth medium (PP2001, BD Biosciences) supplemented with 10% fetal bovine serum (FBS) (26140079, Thermo Fisher Scientific) and

incubated at microaerophilic conditions at 37 �C for 24 h. Escherichia coli (E. coli) DH5a served as a host for pUC19-TmpcTErmb

plasmid. The E. coli strain was incubated in Luria broth Miller (LB) broth supplemented with 400 ug/mL erythromycin.

S. anginosusDTmpc were incubated in the presence of 5 ug/mL erythromycin.

Cell lines

Human gastric cell lines AGS and NCI-N87 were obtained from American Type Culture Collection (ATCC). Human gastric cell line

MKN28 was obtained from Japanese Collection of Research Bioresources (JCRB). Human gastric cell lines Ges-1 were obtained

from Cell Research Institute, Shanghai. AGS and Ges-1 cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)

medium (11965092, Thermo Fisher Scientific). MKN28 and NCI-N87 were cultured in Rosewell Park Memorial Institute (RPMI)

1640 Medium (61870036, Thermo Fisher Scientific). All cells cultured medium were supplemented with 10% FBS, 1% Penicillin-

Streptomycin solution (15070063, Thermo Fisher Scientific). Mouse YTN16 gastric cancer cell line was a gift from Prof. Sachiyo

Nomura of the University of Tokyo. YTN16 was cultured as described.21 All these cell lines were cultured in a humidified atmosphere

containing 5% CO2.

METHODS DETAILS

Histological evaluation
Mice stomach was cut along the greater curvature and washed with cold PBS (pH 7.4). Non-glandular regions were removed and the

stomach was cut into fragments, each comprising the body and antrum region. Two non-adjacent fragments of the stomach (2-3mm

thick) were fixed in fresh prepared 10% formalin solution. Paraffin-embedded gastric sections (4 mm) were stained for H&E and

reviewed by an experienced pathologist.

Fluorescence in Situ Hybridization (FISH)
FITC-labeled S. anginosus probe (sequence: 5’-AGT TAA ACA GTT TCC AAA GCC TAC-3’) was used to detect S. anginosus colo-

nization in paraffin-embedded gastric sections. After deparaffinization and rehydration, specimens were treated with 0.2 N HCl and

Proteinase K for 10 min for each step. Following incubation with blocking buffer on 55 �C for 2 h, FITC-labeled S. anginosus probe

(1:50 in 35% hybridization buffer, pre-heated at 88 �C for 3 min before use) was added and hybridized in a dark, humid chamber at 42
�C overnight. Specimens were washed in wash solution (20 mM Tris-HCl, pH=7.2; 40 mM NaCl) and mounted with DAPI-antifade

solution (P36931, Thermo Fisher Scientific). Images were acquired with a fluorescent microscope (Leica).

Live bacteria culture from mice stomach
Freshmouse gastric tissue was homogenized with 50%BHI-glycerol medium (300 mL) and series dilution (5 and 25 fold dilution) were

made for bacteria culture with blank BHI agar or antibiotics-supplemented (Sulfadiazine 1mg/mL, Aztreonam 0.2 mg/mL in Tryptic

Soy Broth (257371, BD Biosciences) TSA agar. Bacteria colony were picked for MALDI-TOFmass spectrum (MS) analysis to validate

live S. anginosus (Table S3). Colony PCR and Sanger sequencing were conducted to verify the MS results.

Serum Alanine Transaminase (ALT), Aspartate aminotransferas (AST) and creatinine detection
SerumALT, AST and creatinine were assessed byCatalyst OneChemistry Analyzer (IDEXX Laboratories) following themanufacture’s

instruction. Fifty microlitres of serum was diluted to 200 mL with PBS. Diluted serum and slides for ALT, AST and creatinine were

loaded together for automatic analysis.
e4 Cell 187, 882–896.e1–e7, February 15, 2024
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Mouse gastric pH detection
Prior to sacrifice, mice were deprived of food for 6 hours. Stomach was removed immediately and cut from the greater curvature.

Stomach was rinsed in 2 mL saline, and the collected contents were centrifuged (4000 rpm, 10 mins, 4 �C). Thereafter, the obtained

supernatant was used for gastric pH measurement with pH meter (8302BNUMD, Thermo Fisher Scientific).

Alcian blue staining
Paraffin-embedded gastric sections were deparaffinized in xylene and rehydrated on gradient alcohol solution. Gastric sectional

slides were firstly incubated with 3% acetic acid for 10 min and then stained in Alcian-blue solution (1% Alcian blue in 3% acetic

acid) for 30 min. After counterstain in nuclear fast red for 10 min, slides were washed in running tap water, dehydrated in gradient

ethanol, and mounted with DPX Mountant (06522, Sigma).

Immunohistochemistry (IHC) staining
Ki-67 (12202, Cell Signaling Technology) and proliferating cell nuclear antigen (PCNA)(2586, Cell Signaling Technology) IHC was

performed on paraffin-embedded sections (4 mm). The proliferation index was calculated by percentage positive cells. At least

5 random fields from corpus to antrum sites were counted for each mouse under 100X magnification.

Immunofluorescence (IF) staining
Claudin18 (38-8100, Invitrogen), GIF (HPA040774, Sigma) and GSII (L21415, Thermo Fisher Scientific) IF staining were performed on

paraffin-embedded gastric tissue sections (4 mm). Images were acquired with a fluorescent microscope (Leica).

FITC-dextran permeability assay
MKN28 and NCI-N87 cells were seeded on 12-well transwell inserts; 0.4 mm pore size tissue culture inserted (CLS3460, Corning

Costar). Cell was cultured for another 7 days after reaching confluence and medium was changed every day. MKN28 or NCI-N87

monolayer cells were infected with S. anginosus for 30 mins and washed by PBS for 3 times. FITC-dextran (4kDa, 1 mg/mL in Hanks’

Balanced Salt Solution (HBSS) buffer, 46944, Sigma) was added into the insert. The transepithelial flux FITC-dextran were measured

with excitation l 485 nm and emission l 535 nm.

16S rRNA sequencing and data analysis
Mice gastric tissues were disrupted by beads-beating after digestion with mutanolysin and lysozyme. DNA extraction was performed

with QIAamp DNAmini kit. DNA library preparation and 16S ribosomal RNA gene sequencing were performed by NovoGene, Tianjin,

China. The V3-V4 regions of 16S rRNA genes were amplified using specific primer (341F [CCTAYGGGRBGCASCAG] and 806R

[GGACTACNNGGGTATCTAAT]) together with the barcode. The 16S rRNA gene sequence data were quality-filtered and analyzed

using QIIME2 (version 2019.4.0; default parameters) software. Briefly, the sequencing errors and replicated sequences were de-

tected by Deblur algorithm with default parameters. Before dereplicating sequences that encoded the amplicon sequence variants

(ASV), paired reads were joined and trimmed to 450 base pairs. After filtering chimera sequences, the dereplicated sequences were

classified taxonomically using Greengenes 16S rRNA gene reference database at a 99% identity cut-off by VSEARCH software.

Differentially enriched microbes were analyzed using ALDEx2 (default parameters), a compositional-oriented method that

infers technical and statistical errors by integrating the Bayesian methods. Microbial interplays were inferred by SparCC method.

Correlation coefficients between taxon were estimated by setting an average of inference iterations to 100, which generated

10,000 simulated datasets to calculate the corresponding empirical P values (Table S5).

Single-cell RNA sequencing (scRNA-seq) and data analysis
Tumor tissues from stomach of YTN16-induced orthotropic gastric cancermousemodel. Briefly, tumor tissueswere cut into 1-3mm3

and digested with Enzyme cocktail with Tumor dissociation kit (130-090-730, Mitenyi Biotec). Dissociated single cells were sorted by

FITC anti-mouse CD45 (103108, Biolegend) and dead cell marker PI with Nanocellect WOLF Cell Sorter. CD45 negative cells and

CD45 positive cells were subjected to following single-cell transcriptome sequencing analysis.

ScRNA-seq data was analyzed using the 103 Genomics software package Cell Ranger version 7.1.0. The data were mapped to

the mm10 reference genome supplied by 103 Genomics. A gene count matrix was generated from unique molecular identifiers

(UMIs) by Cell Ranger. The data matrix was normalized for sequencing depth by dividing by the total number of UMIs for each

cell and then transformed to a log scale using the R package Seurat. After normalization, the cells were split into immune and

non-immune cells based on the gene Ptprc (Cd45) and further screened epithelial cell by gene Epcam. The tumor cell was identified

marker gene expression: Chga, Chgb, Pgc, Muc5ac, Col3a1, Cdh17, Pdgfrb, Cldn4, Tff3, Cldn7. Differentially expressed genes

(DEGs) were calculated by using the R function FindALLMarkers with Wilcoxon Rank Sum test (Table S7). For the immune cells anal-

ysis, cell clusters were assigned through known marker genes as following, Plasma cell_Mzb1/Jchain/Derl3/Igkn/Iglc3/Ppib, Mast

cell_Tpsb1/Tpsb2/Gata2/Ms4a2/Cpa3/Mcpt2, B cell_Cd79a/Cd19/Bank1, Dendritic cell (DC)_Flt3, Neutrophil_S100a8/S100a9/

Csf3r, Monocytes-Macrophage_Itgam/ and T cell_Cd3g/Cd8a/Cd4. The proportion of each cell subtypes of T cell or myeloid

cells were calculated with two-proportion z-test. The scRNA-seq was performed at the Single Cell Omics Core, School of Biomedical

Sciences, Faculty of Medicine, The Chinese University of Hong Kong.
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Bacterial attachment and invasion assay
Live S. anginosus, or S. anginosusDTmpc (MOI =50) was suspended in antibiotic-free DMEMmedium supplemented with 10% FBS

and co-cultured with a monolayer of gastric epithelial Ges-1 or AGS cells for 2 h. For bacterial attachment and invasion assay, cells

were washed bywarmPBS for 3 times and lysedwith 1%TritonX-100 for 5min. The cell lysate was collected and stripped in BHI agar

for counting attached bacteria numbers with series dilution. For invasion assay, gastric epithelial cells were treated with 200 mM

Gentamicin (G4918, Sigma) for an additional 2 h before bacteria CFU counting.

PCR array
Total RNAwas extracted using Trizol reagent (Takara). Complementary DNA (cDNA) was synthesizedwith PrimeScript RT reagent Kit

(RR037A, Takara), and analyzed by the mouse inflammatory response and autoimmunity PCR array (PAMM-077Z; QIAGEN). qPCR

primers used for validation are listed in Table S2.

Western blots
Protein was extracted with Tissue Extraction Reagent (FNN0071, Thermo Fisher Scientific) supplemented with Proteinase inhibitors

(Roche) and PhosSTOP (Roche). Image was captured and analyzed by Image-Lab (Bio-Rad, Version 5.2.1). Protein expression level

was normalized to b-actin or GAPDH.

RNA sequencing (RNA-seq) and analysis
Total RNA was extracted from the stomach of S. anginosus-treated mice and BHI control mice at 12 months post-infection using

Trizol reagent. RNA-seq was performed by BGI Genomics (Shenzhen, China). RNA-seq reads were processed by removing adapters

using cutadapt (version 1.18) and mapped on the mouse reference (GENCODE v30) by HISAT2 (version 2.1.0) with the default

options. The number of reads mapped to each of genes was counted by using HTSeq (version 0.11.2) with the option-m intersec-

tion-nonempty. Gene expression levels were calculated as Fragments per Kilobase of transcript per Million mapped reads

(FPKM) using DESeq2.

Scanning electron microscopy (SEM)
Ges-1 or AGS cells were seeded in sterile coverslips and co-cultured with S. anginosus (MOI 50) for 2 h. Next, cells were washed with

freshly prepared Sorensen’ phosphate buffer (0.1 M, pH 7.2) three times and fixed with 2.5% glutaraldehyde fixative overnight. The

fixed coverslips were washed by Sorensen’ phosphate buffer 3 times and fixed in 1% osmium tetroxide for 2 h followed by rinsing

with distilled water. After dehydration and coating with gold-palladium, specimens were examined by a Cold Field Scanning Electron

Microscope (Hitachi SU8010).

Quantitative PCR of Tmpc gene in S. anginosus

S. anginosus was co-culture with Ges-1 or AGS as described above. After co-culture, bacteria from the supernatant were collected

as non-adherent bacteria. Ges-1 or AGS cells were lysed with 0.1% Triton-X100 for 5 mins, then centrifuged with 4000 rpm, 10 mins

to collect adherent bacteria. Total RNA of non-adherent and adherent bacteria was extracted by Trizol reagent with prior beads-

beating process. For real-time PCR, total RNA was converted to cDNA using PrimeScript RT Reagent kit (RR047B, Takara) and

then analyzed with TB-Green Premix Ex Taq (RR420W, Takara), using primer to amplify Tmpc gene and reference gene (Gyrb

and Rpob)

Biotin pull-down assay
Ges-1 membrane protein was labeled with EZ-Link� Sulfo-NHS-LC-Biotin (2 mM in PBS pH 8.0, 21335B, Thermo Fisher Scientific)

for 4 h in 4 �C and then extracted. S. anginosus pellets were suspended in Lysis buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 50 mM

NaCl) plus proteinase inhibitors, and protein was extracted by stirring and sonicating with addition of lysozyme (300 mg/mL), 1% (v/v)

Triton X-100 and DNase I. S. anginosus surface proteins from the supernatant was obtained after centrifugation at 10,000 rpm for

10 min. To perform the binding assay, biotin-labeled Ges-1 membrane proteins were incubated with S. anginosus surface proteins

and Streptavidin Magnetic Beads (HY-K0208) overnight at 4 �C. Non-labeled Ges-1 cell membrane proteins were used as a negative

control. The beadswere washed three timeswith wash buffer (PBS pH 7.4, 0.1%Tween-20) and then boiled with loading dye at 95 �C
for 5 min. Boiled samples were subjected to SDS-PAGE and silver staining, and protein bands were identified by mass spectrometry

(Table S8).

GST pull-down assay
To generate recombinant GST-TMPC protein, the Tmpc gene (ATCC 33397 strain, Locus Tag EODJBPNH_00792) was cloned into

the pGEX-4T-1 vector and transformed into E. coli BL21 (DE3). Transformed E. coli were grown in ampicillin supplemented LB broth

at 37 �C.When optical density reached 0.6�1.0, 0.5mM Isopropyl-b-D-thiogalactoside (IPTG) was added to induce protein synthesis

at 20 �Covernight. Bacteria pellets were harvested and suspended in PBS-basic lysis buffer (50mMNaH2PO4, 150mMNaCl, pH 7.2,

10 mg/mL Lysozyme, and Proteinase inhibitors). After centrifugation at 10,000 rpm for 30 min, GST-TMPC was purified from the

supernatant with a GST-resin. Ges-1 or AGS cell membrane proteins were extracted by Triton X-100 extraction buffer (3 mM
e6 Cell 187, 882–896.e1–e7, February 15, 2024
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EDTA, 1X PIPES buffer, 1% Triton X-100, Proteinase inhibitors, pH 7.4). Cytoplasmic lysate was removed by pre-treatment with per-

meabilization buffer (Thermo Fisher Scientific). For GST pull-down, Ges-1 or AGS cell membrane proteins were incubated with or

without recombinant GST-TMPC protein overnight at 4 �C, followed by the addition of GST magnetic beads for 4 h. Finally, beads

were washed and boiled with 40 mL loading dye. Boiled samples were subjected to SDS-PAGE and silver staining, and protein bands

were identified by mass spectrometry (Table S8).

Co-immunoprecipitation (Co-IP)
For co-IP of Annexin A2, anti-Annexin A2 antibody (60051-1, Proteintech) and Ges-1 or AGS cell membrane protein were incubated

with or without recombinant GST-TMPC overnight at 4 �C. Mouse IgG served as negative control. Dynabeads� Protein G magnetic

beads (10004D, Invitrogen) were then added and incubated for 4 h. The beadswerewashed and boiled with 40 mL loading dye. Boiled

samples were subjected to SDS-PAGE and immunoblotted with anti-Annexin A2 or anti-GST (2624, Cell Signaling Technology).

Reciprocal GST pull down was also performed with GST-TMPC and recombinant Annexin A2 (AR09353PU-N, Origene).

Microscale thermophoresis (MST)
MST was performed using the Monolith NT.115 (NanoTemper Technologies). Recombinant Annexin A2 was served as target and

labeled with fluorescent by His-Tag Labeling Kit Red-tris-NTA (MO-L018, NanoTemper Technologies). Recombinant GST-TMPC

was employed as the ligand. Proteins were prepared in MST buffer (1 X PBS, pH 7.2, 0.05% Tween-20, 2.5 mM DTT). Samples

were loaded into NT.115 standard capillaries. Analysis was performed at 25 �C, 40% excitation power, 40%MST power and a con-

stant Annexin A2 concentration of 50 nM. Apparent Kd value was calculated using MO Affinity Analysis v.3.0.5.

Knockout of ANXA2 by CRISPR-Cas9
Guide RNAs targeting the human genomic locus of ANXA2 (TCACCTACCTTTGGTCTTGA) was obtained from GenScript and cloned

into the lentiCRISPRv2 vector (108100, Addgene). Lentivirus were then generated by co-transfection of lentiCRISPRv2 vector and

packaging plasmids in 293T cells. Ges-1 or AGS cells was infected with CRISPR-Cas9-gRNA lentivirus and selected by puromycin

for 7 days. Puromycin-resistant clones were isolated and confirmed by western blot.

Construction of S. anginosusDTmpc

The upstream and downstream regions of Tmpc were amplified using primer (Tmpc-up_F/R and Tmpc-down_F/R) with chromo-

somal DNA of S. anginosus ATCC 33397 as template. The Ermb gene was amplified from p919 plasmid with primer EMR_F/R.

Gene Ermb was inserted into the Tmpc gene and cloned into plasmid pUC19 to obtain pUC19-TmpcTErmb. S. anginosus

(OD600 =0.02) was incubated with competence-stimulated peptide 1 (CSP-1, 50 ug/mL) and the obtained plasmid DNA (1 ug/mL)

for 3 hours at 37 �C and subsequently plated on THY-erythromycin agar. Colonies were picked after 48 hours and screened for suc-

cessful insertion via PCR. Bacteria chromosome DNA was extracted with QIAamp DNA Mini kit (Qiagen, 51304) and amplified with

primer Tmpc-F/R to validate the insertion of Ermb gene. Primer sequences were listed in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
The abundance of S. anginosus in human gastric biopsies were compared by two-tailed Wilcoxon ranked sum test and P value was

adjusted by FDR. Pathological scoreswere compared byMann-WhitneyU test or Kruskal-Wallis test. Student’s t-test was performed

to compare the means between two groups. Multiple group comparison was conducted by one-way analysis of variance (ANOVA).

Two-way ANOVAwas used for testing the statistical difference of tumor growth curves. AChi-square (X2) statistic is used for the com-

parison of proportion of mice with dysplasia between two groups. Statistical analysis was performed using GraphPad Prism 8.2

(GraphPad Software, Inc.). P values less than 0.05 are considered significant. Details of statistical analysis were mentioned in

each Figure legends.
Cell 187, 882–896.e1–e7, February 15, 2024 e7
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Figure S1. Streptococcus anginosus colonizes gastric mucosa in mice at 2 weeks post-infection, related to Figure 1 and Tables S2 and S3

(A) The relative abundance of S. anginosus in gastric biopsies from SG (N = 302) and IM (N = 153).

(B) The relative abundance of S. anginosus in gastric mucosa from patients with regressed (N = 79) or progressed (N = 14) inflammation after H. pylori eradication

therapy. The inflammation scores in S. anginosus-positive (N = 59) and -negative (N = 34) patients.

(C) The relative abundance of S. anginosus in superficial gastritis (N = 79) and GC (N = 53) patients in Portuguese cohort (left). The relative abundance of

S. anginosus in paired gastric tumors and adjacent normal tissues from patients with GC (N = 128) in Mexican/Chinese cohort (right).

(D) PCR detection of S. anginosus DNA from mouse stomach at 1 (left DNA gel), 3, and 7 days (right DNA gel) after a single oral gavage of S. anginosus (23 109

CFU). n = 3 for each time point.

(E) PCR detection of S. anginosus DNA from the stomach of S. anginosus-treated mice at 2 weeks post-infection (oral gavage every 3 days, total 5 doses).

n = 8. +ve, positive control; �ve, negative control.

(F) Bacteria cultured from the stomach of S. anginosus-infected mice at 2 weeks post-infection. Colony PCR was conducted to verify MALDI-TOF MS results

(Table S3). ANCOM-BC2 (A), Mann-Whitney U test (B and C/left), and Wilcoxon matched-pairs signed rank test (C/right) were used to examine the statistical

significance between groups.
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Figure S2. Streptococcus anginosus has no side effects upon long-term infection in mice, related to Figure 2 and Table S3

(A–C) (A) Body weight, (B) daily food intake, (C) liver-to-body weight ratio of S. anginosus- and H. pylori SS1-infected mice and BHI control.

(D) Serum ALT and AST levels of S. anginosus-infected mice and BHI control.

(legend continued on next page)
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(E and F) (E) Representative images of colon and (F) colon length of BHI control and S. anginosus- and H. pylori SS1-infected mice.

(G) Representative H&E staining of colon in BHI control and S. anginosus- and H. pylori SS1-infected mice; scale bars, 50 mm.

(H) Representative FISH images of gastric tissue sections fromBHI control mice (3, 6, 9, and 12months post-infection) (blue: nuclear, green: S. anginosus probe);

scale bars, 50 mm.

(I) Representative FISH images of the antrum and corpus region of gastric tissue sections from S. anginosus-infected mice (12 months post-infection) (blue:

nuclear, green: S. anginosus probe); scale bars, 50 mm.

(J) Bacteria cultured from the stomach of S. anginosus-infected mice at 3, 6, 9, and 12 months post-infection. Colony PCR was conducted to verify MALDI-TOF

MS results (Table S3).

(K) Representative ClustalW multiple alignments of assembly sanger sequence from colony PCR product (3 months post-infection) with reference PCR

sequencing from S. anginosus ATCC 33397 genome.
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(legend on next page)
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Figure S3. Streptococcus anginosus modulates the gastric microbiome composition in mice, related to Figure 3 and Tables S4 and S5

(A) C57BL/6 male mice were gavaged with S. anginosus (n = 10), H. pylori SS1 (n = 9), or the combination of H. pylori plus S. anginosus (n = 10).

(B) Histological scores of the stomach.

(C) Representative H&E images of mouse stomach from S. anginosus- or H. pylori SS1 mono-infected mice or co-infected mice; scale bars, 100 mm.

(D) Representative FISH images of adjacent normal, metaplasia, and dysplasia from S. anginosus-infected mice (12 months post-infection) (blue: nuclear, green:

S. anginosus probe); scale bars, 50 mm.

(E) C57BL/6 male mice were gavaged with S. anginosus (n = 10 for 2 weeks, n = 15 for 3 months, n = 8 for 9 months, n = 15 for 12 months) or BHI broth (n = 10 for

2 weeks, n = 11 for 3 months, n = 8 for 9 months, n = 15 for 12 months) for 2 weeks, 3, 9, and 12 months.

(F) The changes of gastric pH in response to S. anginosus infection compared with BHI control group in mice. Baseline: 8-week-old C57BL/6 mice.

(G) C57BL/6 male mice were gavaged with Parvimonas micra (P. micra) (n = 10 for 3 months, n = 9 for 6 months, n = 10 for 9 months, n = 20 for 12months) for 3, 6,

9, and 12 months. The corresponding BHI control group is presented in Figure 2A.

(H) Histological scoring of the stomach in P. micra-infected mice. No atrophy, mucinous metaplasia, or dysplasia was found.

(I) Representative H&E images of stomach from P. micra-infected mice (3, 6, 9, and 12 months post-infection); scale bars, 100 mm.

(J) S. anginosus (MOI = 50) infection led to a marked increase in cell permeability in MKN28 or NCI-N87 monolayers, as determined by FITC-dextran (4 kDa)

permeability assay.

(K) Heatmap of differentially abundant bacteria in S. anginosus across acute inflammation, chronic inflammation, and precancerous stages. Acute inflammation:

2 weeks post-infection, chronic inflammation: 3 and 6 months post-infection, precancerous stage: 9 and 12 months post-infection.

(L) Ecological network among differentially abundant bacteria in S. anginosus-infected mice. Correlations were measured by SparCC method. Line width:

correlation strength (red line: positive correlation, false discovery rate [FDR] < 0.05; blue line: negative correlation, FDR < 0.05); node size: bacterial abundance.

(M) Heatmap of differentially abundant bacteria in H. pylori-infected mice across acute inflammation, chronic inflammation, and precancerous stages.

(N) Ecological network among differentially abundant bacteria inH. pylori-infectedmice. Datawere shown asmean ±SEM. Each spot represents one subject. The

one-way ANOVA (B), two-tailed paired t test (D), Mann-Whitney U test (F), and Student’s t test (J) were used to examine the statistical significance among groups.
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Figure S4. Streptococcus anginosus reshapes gastric tumor microenvironment in mice, related to Figure 5 and Table S7

(A) Schematic diagram of single-cell RNA sequencing analysis of tumor cells from orthotopic YTN16 tumor model.

(B) Uniform manifold approximation and projection (UMAP) map of 4,836 Epcam+ epithelial cells from a total of filtered 8,507 single cells in cancer tissues. Non-

malignant cells and malignant cells were defined by GC marker genes (Chga, Chgb, Pgc,Muc5ac, Col3a1, Cdh17, Pdgfrb, Cldn4, Tff3, and Cldn7). t-Stochastic

neighbor embedding (t-SNE) plot showed unsupervised sub-clustering of malignant cells.

(C) The relative proportion of each cluster cell in S. anginosus- infected mice and BHI control group.

(D) Heatmap showing the relative expression of marker genes for each cluster cell (y axis).

(E) UMAP of Cd45+ immune cells in cancer tissues; fraction of immune cells in BHI and S. anginosus-infected groups.

(F) t-SNE plot of T cells. Clusters are labeled with inferred cell types. Heatmap showing marker genes across T cells.

(G) t-SNE plot of myeloid cells. Clusters are labeled with inferred cell types. Heatmap showing marker genes across myeloid cells.

(H) The proportion of significantly altered immune cell types (p < 0.01) between BHI and S. anginosus-infected groups. p value was calculated by two-proportion

Z test.

(I) Representative images of the stomach from H. pylori-infected mice showed the presence of an adenoma in the antrum site.

(legend continued on next page)
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(J) Tumor multiplicity and tumor size were higher in H. pylori-infected mice compared with BHI control group.

(K) Representative images of H&E staining of stomach from H. pylori-infected MNUmice; scale bars, 100 mm. Pathological diagnosis showed a higher proportion

of adenocarcinoma and high-grade dysplasia inH. pylori SS1-monocolonizaedMNUmice. Data were shown as mean ± SEM. Each spot represents one subject.

Mann-Whitney U test (J) was used to examine the statistical significance between groups.
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Figure S5. Streptococcus anginosus interacts with gastric epithelial cells through a TMPC-ANXA2 axis, related to Figure 6 and Table S8

(A) Phylogenetic relationship of Tmpc gene. Species carrying Tmpc gene from the Streptococcus phylogenetic tree are highlighted in green. Tmpc-positive

Streptococcus species (red highlighted in the right table) were enriched in GC (N = 61) compared to non-atrophic gastritis (N = 98) patients according to our in-

house database.

(B) The relativemRNA expression level of Tmpc gene inS. anginosus attached toGes-1 or AGS cells; non-ad: non-adherent S. anginosus, ad-Ges-1:S. anginosus

adherent to Ges-1, ad-AGS: S. anginosus adherent to AGS; reference gene for qPCR: Gyrb or Rpob.

(legend continued on next page)
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(C) AGS membrane protein was incubated with GST or GST-TMPC together with GST magnetic beads for GST-pull-down assay. Corresponding bands in GST-

TMPC and AGS cell membrane proteins group were subjected to mass spectrometry analysis.

(D) Knockout of ANXA2 in Ges-1 or AGS cells significantly decreased S. anginosus attachment onto and invasion into the epithelial cell.

(E) Sanger sequencing of PCR products of Tmpc gene from S. anginosusDTmpc and S. anginosus ATCC 33397. The red region represents the bases sequence

paired to reference genomic of S. anginosusDTmpc.

(F) S. anginosusDTmpc showed decreased adhesion and invasion ability compared with S. anginosus. Data were shown as mean ± SEM. Each spot represents

one subject.
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Figure S6. Streptococcus anginosus activates MAPK signaling via TMPC-ANXA2 axis, related to Figure 7

(A) Heatmap of significantly differentially expressed genes (DEGs) in S. anginosus-infected mice compared with BHI control mice. Red: upregulated, blue:

downregulated.

(B) Western blot analysis of activation of MAPK pathway in S. anginosus-infected mice compared to BHI control group of germ-free mice at 9 months post-

infection, with increased p-ERK and p-JNK.

(C) Bacterial attachment and invasion assay showed that S. anginosus attached onto and invaded into MKN28 and NCI-N87 cells after co-culture.

(D) S. anginosus activated MAPK signaling in MKN28 and NCI-N87 cells after co-culture for 24 h.

(E) Recombinant TMPC (50, 100, and 200 nM) activatedMAPK signaling in AGS andNCI-N87 cells after treatment for 24 h. The Student’s t test (B andC) was used

to examine the statistical significance between groups.
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