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ABSTRACT

Objective Helicobacter pylori infection is the most
prevalent bacterial infection worldwide. Besides being
the most important risk factor for gastric cancer
development, epidemiological data show that infected
individuals harbour a nearly twofold increased risk to
develop colorectal cancer (CRC). However, a direct causal
and functional connection between H. pylori infection
and colon cancer is lacking.

Design We infected two Apc-mutant mouse models
and C57BL/6 mice with H. pylori and conducted a
comprehensive analysis of H. pylori-induced changes in
intestinal immune responses and epithelial signatures via
flow cytometry, chip cytometry, immunohistochemistry
and single cell RNA sequencing. Microbial signatures
were characterised and evaluated in germ-free mice and
via stool transfer experiments.

Results H. pylori infection accelerated tumour
development in Apc-mutant mice. We identified a
unique H. pylori-driven immune alteration signature
characterised by a reduction in regulatory T cells and pro-
inflammatory T cells. Furthermore, in the intestinal and
colonic epithelium, H. pylori induced pro-carcinogenic
STAT3 signalling and a loss of goblet cells, changes

that have been shown to contribute—in combination
with pro-inflammatory and mucus degrading microbial
signatures—to tumour development. Similar immune
and epithelial alterations were found in human colon
biopsies from H. pylori-infected patients. Housing

of Apc-mutant mice under germ-free conditions
ameliorated, and early antibiotic eradication of H. pylori
infection normalised the tumour incidence to the level of
uninfected controls.

Conclusions Our studies provide evidence that H.
pylori infection is a strong causal promoter of colorectal
carcinogenesis. Therefore, implementation of H. pylori
status into preventive measures of CRC should be
considered.

INTRODUCTION

Helicobacter pylori infection affects more than
half of the world’s population and it is a main
risk factor for gastric cancer. H. pylori induces a
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Helicobacter pylori infection is the most
prevalent bacterial infection worldwide and is
the most important risk factor for gastric cancer
development.

= Infected individuals harbour a nearly twofold
increased risk to develop colorectal cancer
(CRO).

WHAT THIS STUDY ADDS

= H. pylori infection accelerates intestinal tumour
development in Apc-mutant mice.

= H. pylori infection induces a pro-inflammatory
and pro-carcinogenic environment in murine
and human colon.

= The observed phenotype was normalised upon
eradication therapy and is strongly dependent
on microbiota.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= We provide evidence that H. pylori infection
is a strong causal promoter of colorectal
carcinogenesis and should be included into an
adapted risk score for CRC.

= Eradication of H. pylori infection might be an
effective measure to reduce this risk.

number of alterations in the gastric mucosa that
together result in neoplastic transformation of the
epithelium. Thus, H. pylori infection first triggers
a complex plethora of immune cascades, directed
towards H. pylori and orchestrated by the bacte-
rium itself, which originate from priming at the
Peyer’s patches and the mesenteric lymph nodes of
the small intestine.' > The major pro-inflammatory
response towards H. pylori consists of a mixed T
helper (Th)1 and Th17 response,’ and is to a large
extent related to the presence and activity of a type
4 secretion system,’ which mediates translocation
of the oncogenic and highly immunogenic protein
CagA into gastric epithelial cells.* This leads to
chronic inflammation and results in the activation
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of pro-inflammatory signalling pathways such as activating
nuclear factor-xB (NF-kB) and signal transducer and activator of
transcription 3 (STAT3) signalling, which are major drivers of H.
pylori-induced gastric carcinogenesis.” However, H. pylori has
evolved counter mechanisms in order to establish and maintain
chronic infection, for example, by reprogramming dendritic cells
(DCs) to induce regulatory T cells (Treg),®” which counterbal-
ance the local pro-inflammatory response in the stomach,® and
are involved in protection from allergic asthma.” Interestingly,
this tolerogenic reprogramming of DCs is partially mediated by
CagA, via activation of STAT3.” Finally, alterations in gastric
microbiota are observed on infection, which seem to contribute
to the deleterious events leading to gastric cancer following
H. pylori infection.'® This idea is supported by studies using
animal models as the insulin-gastrin (INS-GAS) mice, which
showed more severe gastric pathology and early development
of neoplasia when colonised with H. pylori and carrying normal
commensal microbiota compared with germ-free INS-GAS mice
infected with the bacterium."!

Although H. pylori infection is limited to the stomach, accu-
mulating epidemiological data indicate an association between H.
pylori infection and different extragastric diseases.'* Among those, a
higher risk of colorectal cancer (CRC) has been reported to be asso-
ciated with H. pylori infection status.”> However, the mechanisms
that could explain this increased risk have not been elucidated.

In our study, we identify H. pylori-specific alterations in
gut homeostasis that contribute to colorectal carcinogenesis in
mouse models of CRC as well as in human samples, and are
reversible on H. pylori eradication. These findings provide

A

a basis for assessing H. pylori status for gastric, and for colon
cancer prevention programmes.

RESULTS

H. pylori promotes intestinal carcinogenesis in adenomatous
polyposis coli mouse models

To determine whether H. pylori infection promotes the devel-
opment of tumours in the lower gastrointestinal (GI) tract, we
infected Apc?™™ and Apc*1%*®N mice for different time periods
(online supplemental figure 1A,B). Unexpectedly, Apc™™" mice
were highly susceptible to the infection, with only 60% of the
mice surviving after 12 weeks of H. pylori infection (figure 1A).
An increased tumour burden in the small intestine and colon
was observed in infected Apc™™" mice compared with unin-
fected controls (figure 1B,C). Similar results were observed in
Apct138N mice, which developed twice as many tumours after
infection, and showed larger tumours in the small intestine
(online supplemental figure 1C). Notably, in Apc*'**N mice,
colonic tumours were exclusively detected in H. pylori-infected
mice (online supplemental figure 1C). These observations
demonstrate that H. pylori infection promotes the development
of intestinal and colonic tumours in tumour-prone mice, while
exclusively infecting the stomachs of these mice (online supple-
mental figure 1B).

H. pylori infection induces a pro-inflammatory response in the
intestine

Manipulation of host’s T-cell immune responses character-
ises H. pylori infection and is one of the main mechanisms
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Figure 1  Helicobacter pylori promotes intestinal carcinogenesis in Apc mouse models. (A) Kaplan-Meier survival curve comparing H. pylori-infected

and non-infected Apc*/™"

mice. (B) Tumour counts of H. pylori-infected (n=18) and non-infected (n=10) Apc
(C) Representative pictures of tumours (arrows) in the small intestine and colon of H. pylori-infected and non-infected (controls (Cont.)) Apc

+/min mice in small intestine and colon.

+/min mice.

Each symbol represents one animal, from three independent, pooled experiments. Bars denote median. Statistical significance was determined with

Mann-Whitney U test or unpaired t-test, *p<0.05.
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contributing to gastric carcinogenesis. To assess whether alter-
ations in intestinal immunity could be related to the increased
tumour burden observed in infected Apc mutant mice, we first
analysed lymphocyte infiltration in the small intestine of Apc /™"
and Apc1%**N mice upon infection (online supplemental figure
1A). Recruitment of intraepithelial CD3™ T cells to small intes-
tine and colon was increased upon H. pylori infection (figure 2A
and online supplemental figure 2A), wich was also confirmed by
flow cytometric analysis of T cells (online supplemental figure
2B.,C). Furthermore, this revealed a shift towards more CD8"
and less CD4™" T cells upon infection (online supplemental figure
2D). In addition, the abundance and protein level of Foxp3™*
Treg cells was reduced in the small intestine from infected mice
compared with uninfected controls, as detected by flow cytom-
etry (figure 2B and online supplemental figure 2E).

To further explore the underlying mechanisms promoting
intestinal tumourigenesis upon H. pylori infection inde-
pendently from tumour-prone backgrounds, we infected wild-
type C57BL/6 mice (WT) for 24 weeks and analysed immune
responses (online supplemental figure 2F). An increased number
of intraepithelial CD3* T cells was also observed in the small
intestine as well as in the colon of H. pylori-infected WT mice
compared with uninfected controls (figure 2C). Contrasting the
balanced immune phenotype observed in the stomach (figure 2C
and online supplemental figure 2G), this was accompanied by
a reduction in Foxp3™ Treg cells (figure 2D and online supple-
mental figure 2G). Multiplexed ChipCytometry corroborated an
overall reduction of Treg cells, and additionally revealed their
compartmentalisation within the lamina propria in infected
colonic tissue (figure 2E).

We next confirmed the specificity of these T cells for H. pylori
by restimulating lamina propria CD4" T cells with H. pylori
lysate and measuring the release of the pro-inflammatory cyto-
kine IL-17A, which has been previously described to be one of
the main players in the immune response to H. pylori." A specific
IL-17A/CD4" T cell response was observed in infected CS7BL/6
and Apc™™™ mice (online supplemental figure 2H).

To characterise in depth the specific intestinal immune response
elicited by gastric H. pylori, we investigated the immune cell
compartment on a single cell level by performing 10X single-cell
RNA sequencing (scRNAseq) (dataset).'* We isolated and sorted
single CD45" immune cells of intestinal and colonic tissue from
Apc™'™™ mice and littermate WT controls that had been infected
for 12 weeks with H. pylori, and compared them with non-
infected controls (online supplemental figure 2I).

Unsupervised clustering identified 16 clusters according to
their transcriptional profiles, which are visualised using Uniform
Manifold Approximation and Projection (UMAP)" (figure 2F
and online supplemental figure 2J) and were annotated based on
known marker genes (online supplemental figure 2K).

To further characterise the Treg cell compartment, we subclus-
tered and annotated Treg cells, which resulted in three subclus-
ters: activated Treg cells (act. Tregs); peripherally derived Treg
cells (pTregs), characterised by high RORyt expression and
thymus-derived Treg cells (tTregs), characterised by GATA3
expression'® 7 (figure 2G and online supplemental figure 2L).
We then computed a Treg effector score'® (figure 2H and online
supplemental figure 1), and found significantly increased Th17
differentiation genes in infected act. Tregs (figure 2H and online
supplemental table 1), indicating that H. pylori infection repro-
grammes Treg cells into potentially pathogenic Foxp3™ IL-17A*
T cells.

Finally, to understand cell dynamics of T cells in infected
mice, we calculated RNA velocity vectors, which predict future

states of individual cells based on ratios of spliced and unspliced
messenger RNAs."” In line with our previous findings, when
looking at the CD4 clusters, it was apparent that less CD4 cells
were projected towards CD4 Treg cells in infected Apc mice
(online supplemental figure 2M).

In summary, our results show that H. pylori infection induces
a H. pylori-specific pro-inflammatory immune response in the
small intestine and colon of infected mice, that is character-
ised by loss of Treg cells and their differentiation into Foxp3™*
IL-17A% T cells.

Activation of carcinogenic signalling pathways and loss of
goblet cells characterise the intestinal epithelial response to
H. pylori infection

Considering the alterations induced by H. pylori in intestinal
immune cells independently of adenomatous polyposis coli
(APC) mutations in WT mice, we analysed the effect on signal-
ling pathways putatively mediating the pro-carcinogenic effects
of H. pylori infection in the epithelium. Therefore, we assessed
transcriptomic profiles of EPCAM™ epithelial cells from Apc*’
M mice in our scRNAseq data (online supplemental figure
2I) (dataset).'* Unsupervised clustering revealed 15 clusters
according to their transcriptional profiles, which were visualised
as UMAP (figure 3A and online supplemental figure 3A) and
annotated based on known marker genes (online supplemental
figure 3B).

Pseudo-spatial distribution of epithelial cells along the crypt-
villus axis were computed to confirm correct annotation of cell
types?® 2! (online supplemental figure 3C).

Here, we specifically explored signalling pathways associ-
ated with CRC initiation and development, namely STAT3 and
NF-kB. Notably, these pathways also orchestrate key inflam-
matory mechanisms in inflammation-driven colon cancer and
have been extensively related to H. pylori infection.”** We
computed a score of genes involved in the Jak-STAT signal-
ling pathway, which revealed significantly higher scores in
enterocytes of WT and Apc™™™ mice upon H. pylori infection
(figure 3B, online supplemental figure 3D and online supple-
mental table 1). Increased STAT3 signalling was only detected
in stem cells of WT mice and not in Apc*™™" mice upon H.
pylori infection (online supplemental figure 3D), which can
be linked to the binary role of STAT3 in tumourigenesis and
a reduced availability of STAT3-inducing receptors during
tumour progression, as we found a decreased expression of the
IL-22 receptor 1122ral on stem cells of Apc mutant mice upon
H. pylori infection, but not in infected wt mice or in entero-
cytes (online supplemental figure 3E). When assessing NF-xB
signalling in enterocytes, higher scores were observed upon
H. pylori infection (online supplemental figure 3F and online
supplemental figure 1).

As it has been shown that activation of epithelial STAT3
favours recruitment of lymphocytes, while inhibiting infiltration
of Treg cells in the colon,” we confirmed hyperactivation of
STATS3 in tissue samples from 24 weeks infected H. pylori WT
(figure 3C) and Apc mutant mice (online supplemental figure 1A,
figure 3D), which was accompanied by enhanced proliferation as
detected by Ki67 staining (figure 3C).

Given that a functional intestinal barrier is depending on
mucus replenishment by goblet cells, we next assessed their
status by periodic acid-Schiff (PAS) staining. We observed
reduced number of mucus producing cells in the small intestine
and in the colon of H. pylori-infected WT (figure 3C) and Apc
mutant mice (figure 3E) compared with uninfected controls.
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of H. pylori-infected and non-infected Apc*™ mice after 12 weeks of infection are shown. Squares highlight zoom in. White scale bars correspond

to 200 pm, black scale bars to 20 ym. Quantification of positive cells per mm?* small intestine and colon tissue is shown. Pooled data of three
independent experiments. (B) Flow cytometric analysis of intestinal lamina propria lymphocytes isolated from H. pylori-infected and non-infected
Apc*™™ mice after 12 weeks of infection. Frequency of FoxP3+ cells of CD4+ T cells are shown, gated on live, single cells, CD45+ and CD3+. Pooled
data of two independent experiments. (C) Representative CD3+ staining of stomach, small intestine and colon tissue sections of H. pylori-infected
and non-infected C57BL/6 mice after 24 weeks of infection. Quantification of intraepithelial cells per mm? is shown. Squares highlight zoom in. White
scale bars correspond to 200 pm, black scale bars to 20 ym. Pooled data of two independent experiments. (D) Frequency of FoxP3+ cells of CD4+
Tcells are shown. Cells were gated on live, single cells, CD45+ and CD3+. Pooled data of two independent experiments. (E) Overview of colon tissue
stained with multiplexed chip cytometry. Automatic image processing of multiplexed chip cytometry on colon tissue determines CD4+ T cell properties
in H. pylori-positive and H. pylori-negative C57BL/6 mice. Frequencies of conventional T cells (Tconv), regulatory T cells (Treg) and intraepithelial
regulatory T cells (IE Treg) are shown. Scale bar in overview corresponds to 500 pum. Representative picture of colon tissue stained with multiplexed
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to 10 ym. Representative data of one experiment. (F) Annotated immune cells plotted as Uniform Manifold Approximation and Projection (UMAP),
clusters for further analysis are highlighted (1=CD4 Treg, 2=CD8and CD8 TRM). (G) Unsupervised clustering and annotation of Treg cluster as UMAP,
n=217 cells. act. Tregs, activated Tregs; pTregs, peripherally induced Tregs; tTregs, thymically derived Tregs. (H) Gene set score of Treg effector genes
and Th17 differentiation genes, comparing activated Treg cells from small intestine and colon of H. pylori-infected and non-infected Apc*'™" (APC)
mice. Statistical significance was determined with Kruskal-Wallis test. Each symbol represents one animal/single cell, pooled from at least two
independent experiments (n=6—10 mice/group/experiment) or two mice/group for single-cell data. Bars denote median. Unless otherwise specified,
statistical significance was determined with Student's t-test in case of normal distribution, otherwise by Mann-Whitney U test, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

Ralser A, et al. Gut 2023;72:1258-1270. doi:10.1136/gutjnl-2022-328075 1261

y6uAdoo Aq parosiold 1senb Ag £z0z ‘2 AIne uo /woofwginBy/:dny woly papeojumoq "£zZ0Z IMdY ¥ Uo §/082€-220Z-IulinB/9eTT 0T se paysiiand 1sil N9


http://gut.bmj.com/

Helicobacter pylori

celltype Enterocytes
*%
1 °
0.2 w
@
L]
j=2]
£ °
A D 0.1 [ ® °
g 2 2 0
: : ¥
Ii 00 .‘nl
L S
®
- o -0.1 ° [
Tuft cells
¥ Cont.  H.pylori Cont.  H.pylori
WT APC
UMAP1
Small intestine
H. pylori ; i 3,000 —
Sy T N Ry > N
5t Kkkk A
Ez.ooo—
5 At
- 3 E Aa a
z, ¥5 1,000 ™
= < e A
» . e L
Small Colon
Intestine
H. pylori - * L
5,000 —~
Lk
4,000 A
L T ek A
s T
£3,000- & ¢ B
=
& £2,000- e o
X 1,000
0
Small Colon
. Intestine
H.pylor < " _*"*+
4,000 ]
o
. -, 3,000 st
- £ 2,000 3
£ 3
‘2 21000+
o o 8001 ——
v
400 352 i‘s}
k 3 5 ; o
i ¢ 3 ' Small Colon
o] bt : S e A . Intestine
H. pylori - + +
i +/mi +
D Apctimin ApcH1638N E ApcHimin ApcH1EseN
2,000 * | 2,000 ';1 7 600 ,L| (3/)
L]
£ 1,500 s E 1,5001 A g M . [S)
) £ £ . 2 EAOD 3 s =
k] ) - £ 1,000 =¥ > =
3 2 " N = e ‘= g £ 200 |
o 2 s e 2 so 2 ¢ toe
¥ ::_: AA A S 5
o o + o o P I
Miinois e Apctima Apc/1638N Apct!1638N
Czoom ] Hopylori -+ H. pylori 4 H.pyori -+
1,200 - 3,000 " 4,000
| r
« o004 il " N ., 3,000
E a Ez,ooo- & 8 E o
S & - [} o @
5 2 600 4 2 4. S 22,000 2
X0 t a £, 1,000 a4 & 000 >
a 2 300 oo 4 .3 ;
x ol 34 i gilg 0
Apc’lmin +/1638N
H. pylori + H. pylori + H. pylori
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represents one animal/single cell, pooled from at least two independent experiments (n=6—10 mice/group/experiment) or two mice/group for single-
cell data. Bars denote median. Unless otherwise specified, statistical significance was determined with Student’s t-test in case of normal distribution,
otherwise by Mann-Whitney U test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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To explore in depth the effects of H. pylori infection on the
goblet cells, we clustered and annotated goblet cells in our
scRNAseq dataset based on goblet cell differentiation markers.*®
This revealed immature, characterised by high expression of
Tff3; intermediate, highly expressing Oasis and terminal goblet
cells, with high expression of Muc2 and KIf4 (online supple-
mental figure 3G,H). Maturational states were distinctly affected
by H. pylori infection, with a switch to less differentiated goblet
cells (online supplemental figure 31). To assess goblet cell func-
tionality, we assessed the expression of genes encoding for anti-
microbial peptides Reg3b and Reg3g, which are known to play
a role in response to pathogens and inflammation®” (online
supplemental table 1). We found them to be reduced upon H.
pylori infection (online supplemental figure 3]). As those genes
are known to be downstream targets of STAT3, we checked for
STATS3 signalling specifically in the goblet cell cluster, which
was—in contrast to the increased STAT3 signalling in entero-
cytes and stem cells—not induced upon H. pylori infection
(online supplemental figure 3K). These findings are consistent
with a compromised intestinal barrier integrity induced by H.
pylori infection, independent of APC status.

To explain the absolute loss of goblet cells we observed in
infected mice, we studied cellular dynamics of goblet cells by
means of RNA velocities. In the colon, we observed less direc-
tionality from the stem cell cluster towards the goblet cell cluster,
and at the same time a higher projection towards the colonocyte
cluster upon H. pylori infection (online supplemental figure 3J),
in contrast to the small intestinal goblet cell cluster, where cell
dynamics seem to be restricted to the goblet cell cluster itself.
When assessing the expression of Atoh 1, which is known to drive
terminal differentiation into the secretory lineage,?® in stem cells
of both small intestine and colon, a signficiantly lower expres-
sion was found upon H. pylori infection (online supplemental
figure 3K). These findings indicate a skewed differentiation of
stem cells rather into unspecialised colonozytes than into goblet
cells.

Together, these results indicate that H. pylori induces carcino-
genic signalling pathways and has a detrimental impact on
mucus-producing goblet cells in the small intestine and colon of
WT and Apc mutant mice.

H. pylori infection favours the presence of mucus-degrading
microbiota and shapes a pro-inflammatory and pro-
carcinogenic microbiota signature

Microbiota alterations and aberrant presence of certain bacterial
species in the small intestine have been related to the develop-
ment of CRC.? This could be an additional mechanism by which
H. pylori contributes to intestinal carcinogenesis, since H. pylori
infection has been shown to alter microbiota signatures.* There-
fore, we assessed to which extent H. pylori infection influenced
small intestinal and colonic microbial composition by performing
16S RNA sequencing (dataset).'* While we found significantly
increased abundance of Helicobacter spp in the stomach of 24
weeks infected mice, we did not detect H. pylori in intestine
and colon (online supplemental figure 4A). When comparing the
microbiota in caecum and colon of infected and non-infected
mice via taxonomic profiling, we observed apparent changes
at phylum level upon H. pylori infection (figure 4A). Further-
more, we found signs of decreased o-diversity in small intes-
tine upon H. pylori infection (online supplemental figure 4B)
as well as significantly different B-diversity in caecum, stool and
small intestine between non-infected and infected mice (online
supplemental figure 4C). Differential abundance testing revealed

Helicobacter pylori

Akkermansia spp to be enriched in 24 weeks infected WT mice
(online supplemental figure 4D, figure 4B). When exploring the
data for further species sharing the mucus-degrading characteris-
tics of Akkermansia spp, we found an increase in Ruminococcus
spp (figure 4B and online supplemental figure 4D). The abun-
dance of both species was also higher in Apc mutant mice (online
supplemental figure 1A) upon H. pylori infection (figure 4C,D).

To determine the functional effects of H. pylori-induced
microbiota signatures independent of mutant APC, we
performed a stool transfer experiment from infected and non-
infected specific pathogen-free (SPF) mice into germ-free WT
mice (online supplemental figure 4E). This revealed an increased
T-cell infiltration into intestinal and colonic epithelia (figure 4E
and online supplemental figure 4F), a reduction of Foxp3™*
Treg cells (figure 4F) and lower amounts of RORyt+ Treg cells
(figure 4G), which are known to be microbiota-induced,*! in
WT stool recipients from H. pylori-infected mice. Furthermore,
we observed enhanced STAT3 signalling in intestines of WT
mice that received stool from H. pylori-infected mice (figure 4H
and online supplemental figure 4G). In order to ultimately assess
the contribution of H. pylori-induced changes in microbiota to
intestinal carcinogenesis, we performed a further stool transfer
experiment from SPF non-infected and H. pylori-infected
Apc13N mice and WT littermates into germ-free Apc™1038N
mice (online supplemental figure 4H). Higher tumour numbers
in stool recipients from H. pylori-infected mice were found,
which was already evident in WT mice and further enhanced in
an Apc %3N background (online supplemental figure 41).

Together, H. pylori alters the microbiota of the lower GI tract,
favours mucus-degrading microbiota in both WT and Apc mutant
mice and induces a pro-inflammatory and pro-carcinogenic
microbiota signature.

H. pylori-induced colorectal carcinogenesis is prevented by
eradication

The interplay between a pro-inflammatory response and acti-
vation of pro-carcinogenic signalling, accompanied by alter-
ations in microbiota characterised H. pylori-driven intestinal
tumourigenesis. To dissect the contribution of inflammation in
the absence of microbiota, we infected Apc*/'***N mice under
germ-free conditions (online supplemental figure 5A,B). We
observed similar immune alterations as in SPF mice, namely
increased CD3™ T cell infiltration and reduction of Treg cells in
small intestine and colon (figure SA, online supplemental figure
SE,B). In contrast, germ-free mice barely showed activation
of STAT3 signalling, and no reduction of goblet cells upon H.
pylori infection (online supplemental figure 5C-E). Importantly,
we did not observe significant differences in tumour number
between control and H. pylori-infected germ-free Apc*/1038N
mice (figure 5C), which, in combination with our findings from
stool transfer experiments (figure 4 and online supplemental
figure S4), indicates a strong contribution of H. pylori-induced
changes in microbiota to the tumour phenotype, and suggests,
that H. pylori-induced carcinogenesis in the small intestine and
colon is a multifactorial process involving the interplay of the
pro-inflammatory immune response, alterations in microbiota
and pro-carcinogenic signalling. Therefore, we next sought
to determine whether eradication of H. pylori infection could
abrogate the carcinogenic process, by treating the mice with a
triple therapy regimen consisting of clarithromycin, metroni-
dazole and omeprazole,** reflecting the ‘Italian triple therapy’
regimen also used in infected patients to eradicate H. pylori
(figure 5D and online supplemental figure 5F). Importantly, we
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Figure 4 Helicobacter pylori infection favours the presence of mucus-degrading microbiota and shapes a pro-inflammatory and pro-carcinogenic
microbiota signature. (A) Relative taxonomic frequencies on phyla level in 165 rRNA sequenced caecum and colon samples of H. pylori-infected and
non-infected C57BL/6 mice (n=6—8 mice/group). Data of one representative experiment of two to three independent experiments. (B) Feature counts
of Amplicon Sequence Variants (ASVs) of Akkermansia spp and Ruminococcus spp in ceacum, stool, small intestine and colon of H. pylori-infected and
non-infected C57BL/6 mice (n=6—8 mice/group). Data of one representative experiment of two to three independent experiments. (C) Feature counts
(ASVs) of Ruminococcus spp of ceacum, stool, small intestine and colon of H. pylori-infected and non-infected Apc*™™ mice (n=4-5 mice/group).
Data of one representative experiment of two to three independent experiments. (D) Feature counts (ASVs) of Akkermansia spp of ceacum, stool,
small intestine and colon of H. pylori-infected and non-infected Apc*/"*®N mice (n=4-5 mice/group). Data of one representative experiment of two
to three independent experiments. (E) Representative pictures of intestinal CD3+ stainings of germ-free wild-type (WT) mice receiving stool transfer
from H. pylori-infected (H. pylori) and non-infected (Cont.) WT mice analysed 12 weeks after transfer are shown. Squares highlight zoom in. White
scale bars correspond to 200 pm, black scale bars to 20 pm. Quantification of positive cells per mm? small intestine and colon tissue is shown. Data
of one experiment. (F) Flow cytometric analysis of intestinal lamina propria lymphocytes isolated from germ-free WT mice receiving stool transfer
from H. pylori-infected (H. pylori) and non-infected (Cont.) WT mice analysed 12 weeks after transfer. Frequency of FoxP3+ cells of CD4+ T cells

and (G) RORyt+ cells of FoxP3+ Tcells are shown, gated on live, single cells, CD45+, CD3+ and CD4+. Data of one experiment. (H) Representative
pictures of intestinal STAT3+ stainings of germ-free WT mice receiving stool transfer from H. pylori-infected (H. pylori) and non-infected (Cont.) WT
mice analysed 12 weeks after transfer are shown. Squares highlight zoom in. White scale bars correspond to 200 pm, black scale bars to 20 um.
Quantification of positive cells per mm? small intestine and colon tissue is shown. Data of one experiment. Data shown as bars with mean and SD or
each symbol represents one animal (n=5-6 mice/group). Bars denote median. Statistical significance was determined with Student's t-test in case of
normal distribution, otherwise by Mann-Whitney U test, **p<0.01, ***p<0.001.
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Figure 5 Helicobacter pylori-induced intestinal carcinogenesis is prevented by eradication. (A) Quantification of small intestinal and colonic
intraepithelial CD3+ cells per mm? of H. pylori-infected and non-infected germ-free Apc*/"*®N mice is shown. Pooled data of two independent
experiments (n=8 mice/group). (B) Frequencies of FoxP3+ cells of CD4+ T cells, gated on live, single cells, CD45+ and CD3+ of H. pylori-infected and
non-infected germ-free Apc*'®®" mice are included. Representative pseudo-colour plots are shown. Pooled data of two independent experiments
(n=8 mice/group). (C) Intestinal tumour counts of H. pylori-infected and non-infected germ-free Apc*'"®3® mice and representative pictures of
tumours (circled) are shown (n=8 mice/group). (D) Experimental setup of H. pylori eradication therapy of C57BL/6 and Apc™'"®3®" mice. (E) Tumour
counts of non-infected, antibiotically treated, H. pylori-infected and H. pylori-eradicated Apc*/*®3* mice and representative pictures of tumours in the
small intestine. Data of one experiment (n=2—3 mice/group). (F) Representative pictures of CD3+ stainings from small intestinal tissue of H. pylori-
infected and H. pylori-eradicated C57BL/6 mice are shown. Squares highlight zoom in. White scale bars correspond to 200 pm, black scale bars to 20
um. Quantification of positive cells per mm? is shown. Data of one experiment (n=5-6 mice/group). (G) Flow cytometric analysis of intestinal lamina
propria lymphocytes reveals frequency of FoxP3+CD4+ T cells, gated on live, single cells, CD45+ and CD3+. Data of one experiment (n=5-6 mice/
group). (H) Flow cytometric analysis of intestinal lamina propria lymphocytes reveals IL-17A release of CD4+ T cells, restimulated with whole H. pylori
lysate. Cells are gated on live, single cells, CD45+ and CD3+. Data of one experiment (n=5-6 mice/group). (I) Representative pictures of pSTAT3 and
periodic acid-Schiff (PAS) staining from intestinal tissue of H. pylori-infected and H. pylori-eradicated C57BL/6 mice are shown. Squares highlight
zoom in. White scale bars correspond to 200 pm, black scale bars to 20 ym. Quantification of positive cells per mm? is shown. Data of one experiment
(n=5-6 mice/group). Each symbol represents one animal. Bars denote median. Statistical significance between two groups was determined with
Student’s t-test in case of normal distribution and otherwise with Mann-Whitney U test. Among more than two groups, ordinary one-way analysis

of variance with Tukey's multiple comparisons test was applied in case of normal distribution, otherwise Kruskal-Wallis test with Dunn’s multiple
comparisons test, *p<0.05, ***p<0.001.
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found that after antibiotic eradication, tumour burden was at the
same levels as in uninfected controls (figure SE). To delineate
that the underlying changes in the intestinal immune response
were directly induced by H. pylori infection and independent
of mutated Apc, we analysed the effect of H. pylori eradication
on C57BIl/6 mice (figure 5D and online supplemental figure 5F),
and found a lower CD3* T cell infiltration in the stomach (online
supplemental figure 5G), small intestine and colon (figure SF,
online supplemental figure SE) compared with infected mice at
4 and 12 weeks posteradication. The percentage of Treg cells
was initially reduced in eradicated mice 4 weeks after treatment,
while 12 weeks post-treatment, the percentage of FoxP3™ T cells
was observed to recover (figure 5G). A specific IL-17A/CD4* T
cell response was observed in infected mice, which was initially
lost after eradication therapy, but then reappeared after longer
recovery time (figure SH), supporting the specificity of the
response to H. pylori, based on the given antigen encounter and
response also in eradicated mice. Importantly, the clearance of
infection resulted in normalisation of STAT3 activation and the
number of PAS-positive cells (figure 5T and online supplemental
figure SH), confirming that H. pylori is specifically responsible
for these changes.

In summary, our results demonstrate that H. pylori directly
enhances colon carcinogenesis by shaping intestinal and colonic
immune responses and inducing profound changes in intestinal/
colonic microbiota and epithelial homeostasis. Eradication of H.
pylori infection prevents its tumour-promoting effects also in the
colon, providing a possible additional strategy to reduce CRC
burden.

H. pylori alters colonic homeostasis in human

Our mouse models showed that H. pylori affects intestinal and
colonic homeostasis at different cellular and molecular levels,
which can ultimately enhance tumour development. To determine
whether these effects were also observed in humans, we anal-
ysed immune signatures in a cohort of 154 human colon tissue
samples (online supplemental table 2). Based on immune responses
and histology of the stomach, we stratified samples according to
H. pylori status into currently (actively) infected and eradicated
patients. We found that H. pylori-actively infected as well as erad-
icated individuals showed higher infiltration of CD3™ T cells in
the colon compared with uninfected subjects (figure 6A). Using
endoscopy-derived colon biopsies, we further characterised T cell
responses by flow cytometry, which revealed tendencies towards
more CD3™ T cells in the colonic mucosa of currently infected
patients (online supplemental figure 6A). In contrast, CD4"
and CD8" subsets were not affected by H. pylori status (online
supplemental figure 6B). Notably, the number of FoxP3™ cells in
the colonic mucosa was lowest in the currently infected group,
whereas eradicated patients seem to level with negative controls
(figure 6C). The overall loss of Tregs was confirmed via ChipCy-
tometry (figure 6B), which additionally showed that intraepithelial
localisation of Tregs is almost lost in colon samples from H. pylori-
infected individuals (figure 6B and online supplemental figure 6C).

We next focused on the epithelial compartment and, in
concordance with our findings in mice and our eradication
experiments, found a higher number of pSTAT3-positive epithe-
lial cells and a concomitant loss of mucus-producing cells in the
colon of currently infected subjects, which was attenuated in
eradicated patients (figure 6A).

Finally, we assessed microbial changes in stool of patients and
found a difference in B-diversity between actively H. pylori-
infected and H. pylori-negative patients (p=0.062), but not
between H. pylori-eradicated and H. pylori-negative patients

(p=0.552) (figure 6D). In contrast, we neither detected signif-
icant changes in o-diversity (online supplemental figure 6D)
nor in Firmicutes-to-Bacteroidetes ratio (online supplemental
figure 6E) between the three groups. Comparative microbiome
profiling revealed Prevotellaceac and Peptostreptococcales,
which have been associated with CRC, to be differentially abun-
dant in H. pylori-positive patients (online supplemental figure
6E,G).

These results confirm that the immune and epithelial signa-
tures identified in mouse models upon H. pylori infection are
also observed in humans, and are accompanied by changes in
microbiota compositions, which can further contribute to colon
carcinogenesis. Furthermore, the attenuated phenotype observed
in H. pylori-eradicated patients further supports H. pylori status
as an independent risk factor for CRC and simultaneously offers
an option for CRC prevention for those patients at risk.

DISCUSSION

Although selectively colonising the stomach, chronic H. pylori
infection is associated with several extragastric diseases.*® Epide-
miological data indicate an association between H. pylori infec-
tion and a higher risk and aggressiveness of CRC, with an OR
of 1.9,* an OR higher than for most other known risk factors,
such as smoking, alcohol and body mass index.** However,
these epidemiological data have not yet been confirmed exper-
imentally, and a molecular mechanism by which H. pylori may
promote CRC remained elusive. We employed Apc mutant
mouse lines (Apc™™™ and Apc*/'®N) as surrogate models for
human CRC, and observed a nearly twofold increase in tumour
numbers in mice infected with H. pylori, which coincides with
the OR observed in epidemiological studies. Remarkably, this
increase was observed in the small intestine, where both models
usually show most tumours, and was especially evident in the
colon. This prompted us to decipher the potential mechanisms
driving H. pylori-induced carcinogenesis in the small intestine
and colon.

The effects of H. pylori infection on other organs are best
understood for the lung, where chronic H. pylori infection
imposes a regulatory immune signature that protects from
asthma disease.®” In contrast to these observations, we observed
an H. pylori antigen-specific pro-inflammatory Th17-mediated
response in the small intestine and colon, which was not
balanced by an increase in Treg cells, as it occurs in the stomach
or lung. The immune response mounted towards H. pylori orig-
inates from Peyer’s patches in the gut,” which may explain why
H. pylori-specific T cells also homed to intestinal and colonic
mucosal sites. Interestingly, IL-17 was found to be increased in
H. pylori-positive patients with gastritis and gastric cancer,*®
and in CRC, where Th17 signatures, including RORC, IL17,
IL23 and STATS3, were linked to poorer prognosis.’” Still, it was
surprising to observe a loss of intestinal Treg cells, which also
contrasts the balanced immune response usually observed in the
stomach upon H. pylori infection. Additionally, we found that
in the lower GI tract, Tregs were reprogrammed to upregulate
Th17 differentiation markers. Murine and human studies have
demonstrated that Treg cells can be reprogrammed to a distinct
population, Foxp3*/IL17" T cells, phenotypically and function-
ally resembling Th17 cells.”® Particularly in CRC, the presence
of Foxp3¥/IL17* T cells has been reported to be increased in
the mucosa and peripheral blood of patients with chronic colitis
as well as in colorectal tumours.”” Foxp3™/IL17 cells were
shown to promote the development of tumour-initiating cells
by increasing the expression of several CRC-associated markers
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Figure 6 Helicobacter pylori alters colonic homeostasis in human. (A) Representative H&E, CD3+, pSTAT3 and periodic acid-Schiff (PAS) pictures
of colonic tissue from H. pylori currently infected, eradicated and non-infected patients are shown. Squares highlight zoom in. White scale bars
correspond to 200 pm, black scale bars to 20 ym. Quantification of total CD3+, intraepithelial STAT3 and PAS-positive cells per mm? are shown.

(B) Representative pictures of human colon tissue stained by multiplexed chip cytometry. FoxP3+ cell, defined by intranuclear FoxP3+, CD4+, CD3+
and CD45+ staining are shown for H. pylori-negative and H. pylori-positive tissue. Large scale bar corresponds to 100 ym, small scale bar to 10 pm.
Automatic image processing of multiplexed chip cytometry on colon tissue determines CD4+ T cell properties in H. pylori-positive and H. pylori-
negative individuals: frequencies of conventional T cells (Tconv), regulatory T cells (Treg) and intraepithelial regulatory T cells (IE Treg) are shown.
(C) Flow cytometric analysis of colon biopsies from H. pylori currently infected, eradicated and non-infected patients were conducted. Frequencies
of FoxP3+ cells of CD4+ Tcells, gated on live, single cells, CD45+ and CD3+ are shown and representative pseudo-colour plots of H. pylori currently
infected and negative individuals are included. (D) Bray-Curtis dissimilarity depicting B-diversity between H. pylori-infected and eradicated as

well as H. pylori-infected and non-infected patients. Statistical significance was determined with permutational multivariate analysis of variance
(PERMANOVA). Each symbol represents one patient, shown as bars with mean and SD. Statistical significance was determined with ordinary one-
way analysis of variance with Tukey's multiple comparisons test in case of normal distribution, otherwise by Kruskal-Wallis test with Dunn’s multiple
comparisons test. *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

such as CD44 and epithelial cell adhesion molecule EPCAM Mutations in the gene encoding APC are the most frequent
in bone marrow-derived mononuclear cells.*’ Thus, the pro- driver mutations leading to sporadic CRC, together with muta-
inflammatory Th17 response elicited by H. pylori, especially the tions in TPS3 and KRAS.*** Pro-inflammatory and proliferative
differentiation of Treg cells to a Th17 phenotype, may constitute signalling pathways such as STAT3, NF-kB and WNT signalling,

one of the major mechanisms enhancing tumour development. activated by signals derived from epithelial and immune cells,
This is in line with literature showing that altered T cell homeo- drive chronic inflammation, a known mechanism contributing
stasis is a key event during colorectal carcinogenesis, driving to CRC.>** CRC risk is markedly increased in patients with
tumour development and progression, and determining treat- chronic inflammatory bowel disease, with the risk rising with
ment response of patients with CRC.*! the duration of disease, from 8.3% after 20 years, to 18.4% after
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30 years.* Mechanistically, besides immune signalling by Th17
cells, activation of pro-inflammatory signalling pathways as well
as altered microbiota, contribute to the pathogenesis of colitis-
associated cancer.*®

The strong pro-inflammatory response induced locally by H.
pylori in the small intestine was accompanied by the activation
of NF-xB and STAT3 pathways. Activation of STAT3 signalling
has been strongly related to tumour initiation and development
and progression, while levels of activated STAT3 in the tissue
correlate with tumour invasion, tumour, node, metastases stage
and reduced overall survival of patients with CRC.*” In addition,
the activation of epithelial STAT3 was reported to downregulate
the expression of chemokines important for the recruitment of
Treg cells in the intestine.”® Therfore, it is tempting to speculate
that during H. pylori infection, activation of STAT3 in intestinal
and colonic epithelial cells contributes to loss of Treg recruit-
ment, thereby supporting malignant transformation of the intes-
tinal tissue. This central role for STAT3 during carcinogenesis
in the intestine is supported by the fact that depletion of STAT3
in Apc™™™ mice led to a reduction in the incidence of early
adenomas.*® Furthermore, in Apc™™" mice, tumour progression
and metastasis were characterised by loss of STAT3 signalling
in stem cells due to lower IL-22-receptor expression.”® ** We
observed similar characteristics in our H. pylori-infected mice,
indicative of more advanced tumourigenesis.

Importantly, we observed a reduction and normalisation of
STATS3 levels after eradication of H. pylori, which resulted in a
normalisation of tumour load. Notably, for eradication, a treat-
ment regimen also applied in humans was used in order to be
able to translate the results to humans.

The function of STAT3 as oncogene or tumour suppressor
seems to be determined by the milieu eliciting its activation as well
as the local gut microbiota,*® which is increasingly recognised as
an important regulator of colonic cancer development.’" Inter-
estingly, microbial induction of IL-17A production has been
shown to endorse colon cancer initiation and progression in
Apc™'™™ mice, which was mediated via STAT3 signalling.’* We
thus hypothesised that alterations in microbiota compositions in
the intestine and colon induced by H. pylori may also contribute
to carcinogenesis.”’ ** Indeed, when housing mice under germ-
free conditions, activation of STAT3 and tumour develop-
ment were lower upon H. pylori infection, but not completely
normalised, indicating that microbiota alterations are involved
in the phenotype but not exclusively responsible.

Such disturbances in gut microbiota communities have been
shown to contribute to CRC development and progression.”’ H.
pylori is known to affect local gastric microbiota, and distant
microbial populations in intestine and colon.’® * It has been
shown that inflammation-driven dysregulation of microbiota
can promote colorectal tumour formation and progression™
and that in response to bacterial stimuli or pathogen-associated
molecular receptors, pro-inflammatory pathways such as c-Jun/
JNK and STATS3 signalling pathways are activated and accelerate
intestinal tumour growth in Apc ™™™ mice.>® This was supported
by our findings from transferring stool of H. pylori-infected
SPF mice into germ-free mice, which led to lower abundance of
FoxP3+ Treg cells and microbiota-induced (FoxP3+RORyt+)
Treg cells as well as STAT3 induction in recipients of stool
from H. pylori-infected mice, and eventually an accelerated
tumour development in comparison to stool transferred from
non-infected mice. Together, these data indicate that H. pylori-
induced pro-inflammatory and pro-carcinogenic microbial
signatures are involved in and indispensable to promote intes-
tinal tumour growth.

Our data revealed a distinct mucus-degrading microbiota
signature associated with H. pylori infection in mice, namely
enrichment with Akkermansia spp and Ruminococcus spp, while
in human samples from H. pylori-infected patients, bacterial
taxa associated with CRC, Prevotellaceae and Peptostrepto-
coccales, were found.”” Although some studies established an
inverse correlation between the presence of Akkermansia and
GI diseases,”® Akkermansia has been reported to be increased
in patients with CRC most likely due to the overexpression
of certain mucins in the tumours.’” Notably, we also observed
a general loss of goblet cells, which are important to produce
mucins and antimicrobial peptides. This loss of goblet cells was
also observed in clinical samples from H. pylori-infected patients
undergoing colonoscopy. Thus, H. pylori infection disrupts, by
two distinct mechanisms, intestinal mucus integrity essential
to maintain a healthy barrier to impair bacterial penetration.
In the absence of a sufficient regulatory T cell response—as
observed here—which normally keeps inflammatory signals at
bay, the carefully balanced homeostasis maintained in the gut
by the interplay of a ‘healthy’ microbiome and an intact mucosa
then fails to balance the pro-inflammatory signature elicited
by H. pylori infection, enabling carcinogenesis. Eradication of
H. pylori restored intestinal homeostasis with reappearance of
goblet cells and normalised the intestinal immune signature,
which then completely abrogated the tumour-promoting effect.

Importantly, when analysing colonic biopsies from H. pylori-
infected patients, we could observe the very same alterations as
seen in mice, with activation of pro-carcinogenic signalling path-
ways and a significant reduction in Treg cells, and an increase
of CD3* cells. The attenuated phenotype in eradicated patients
highlight the clinical relevance of our findings and indicate that
H. pylori infection is more than a mere risk factor for colon
carcinogenesis, but actively promotes a pro-carcinogenic niche
in the colon that may be prevented by eradication of H. pylori,
which therefore could decrease the risk of CRC development
in infected individuals. However, studies showing a correlation
between H. pylori infection and CRC did not address the effect
of antibiotic therapy. The inclusion of such cohorts in future
studies is important to determine the impact of H. pylori eradi-
cation in CRC development.

In summary, our study provides solid experimental evidence
that H. pylori infection accelerates intestinal and colonic tumour
development, and offers insight into the underlying mechanisms.
We suggest H. pylori screening and eradication as a potential
measure for CRC prevention strategies.
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