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ORIGINAL RESEARCH

A purified membrane protein from Akkermansia
muciniphila or the pasteurised bacterium blunts
colitis associated tumourigenesis by modulation of

CD8' T cells in mice

Lijuan Wang," Lei Tang,' Yiming Feng,' Suying Zhao,” Mei Han,? Chuan Zhang,
Gehui Yuan," Jun Zhu," Shuyuan Cao,' Qian Wu," Lei Li,' Zhan Zhang © '

ABSTRACT

Objective Gut microbiota have been linked to
inflammatory bowel disease (IBD) and colorectal cancer
(CRC). Akkermansia muciniphila (A. muciniphila) is a
gram-negative anaerobic bacterium that is selectively
decreased in the faecal microbiota of patients with

IBD, but its causative role and molecular mechanism

in blunting colitis-associated colorectal cancer (CAC)
remain inconclusive. This study investigates how A.
muciniphila engages the immune response in CAC.
Design Mice were given dextran sulfate sodium to
induce colitis, followed by azoxymethane to establish
CAC with or without pasteurised A. muciniphila or

a specific outer membrane protein (Amuc_1100)
treatment. Faeces from mice and patients with IBD

or CRC were collected for 16S rRNA sequencing. The
effects of A. muciniphila or Amuc_1100 on the immune
response in acute colitis and CAC were investigated.
Results A. muciniphila was significantly reduced

in patients with IBD and mice with colitis or CAC. A.
muciniphila or Amuc_1100 could improve colitis, with
a reduction in infiltrating macrophages and CD8"
cytotoxic T lymphocytes (CTLs) in the colon. Their
treatment also decreased CD16/32* macrophages in
the spleen and mesenteric lymph nodes (MLN) of colitis
mice. Amuc_1100 elevated PD-1" CTLs in the spleen.
Moreover, A. muciniphila and Amuc_1100 blunted
tumourigenesis by expanding CTLs in the colon and
MLN. Remarkably, they activated CTLs in the MLN, as
indicated by TNF-o induction and PD-1downregulation.
Amuc_1100 could stimulate and activate CTLs from
splenocytes in CT26 cell conditioned medium.
Conclusions These data indicate that pasteurised A.
muciniphila or Amuc_1100 can blunt colitis and CAC
through the modulation of CTLs.

INTRODUCTION

Colorectal cancer (CRC) is the fourth leading cause
of cancer-associated death worldwide.! The initi-
ation and progression of CRC involves complex
interactions between genetics, diet, life style and
environmental factors.” Inflammatorybowel disease
(IBD), including Crohn’s disease and ulcerative
colitis (UC), is a known risk factor for the develop-
ment of CRC, namely, CAC.? * For every 10 units
that in the inflammatory burden index increases in

Significance of this study

What is already known on this subject?

» The abundance of Akkermansia muciniphila
is significantly decreased in patients with
inflammatory bowel disease and in mice with
colitis.

» A. muciniphila exerts anti-inflammatory effects
on chronic colitis.

» Amuc_1100, a specific outer membrane protein
from A. muciniphila, is stable at temperatures
used for pasteurisation, can improve the gut
barrier and partly recapitulates the beneficial
effects of A. muciniphila.

What are the new findings?

» A. muciniphila abundance was decreased in
mice with colitis-associated colorectal cancer
(CAQ).

» A. muciniphila and Amuc_1100 improved colitis
by decreasing colon infiltrating macrophages
and cytotoxic T lymphocytes (CTLs) in colitis
mice.

» A. muciniphila and Amuc_1100 blunted CAC
through the expansion and activation of CTLs,
which is demonstrated by TNF-o induction and
PD-1 downregulation.

How might it impact on clinical practice in the

foreseeable future?

» Pasteurised A. muciniphila or Amuc_1100 is
expected to be a new strategy to prevent and
treat colitis and colorectal cancer.

patients with IBD, the risk of CRC is increased by
2.1%.> Changes in the composition of the gut micro-
biota have been associated with an increased risk
of IBD and CRC.®” Fusobacterium nucleatum can
increase CRC cell proliferation and tumour devel-
opment and also promote CRC chemoresistance by
modulating autophagy.®® Peptostreptococcus anaer-
obius could promote colorectal carcinogenesis and
modulate tumour immunity.'"” However, in many
studies, the focus has been on the putative harmful
effects of the microbiota, while their beneficial
effects are somewhat neglected.
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Figure 1 Decreased A. muciniphila was associated with colitis and
CRC in human and mice. (A) Heatmap of faecal microbiota from patients
with UC, Ad, CRC and healthy controls. (B) Comparison of the faecal
microbiota among UC, Ad, CRC and controls at the phylum level. (C)
FISH detection of A. muciniphila in the colon of human patients using

a FITC-conjugated A. muciniphila specific probe (green). Scale bars,

50 pm. (D) gPCR validation of the relative abundance of A. muciniphila
in human patients. (E) ROC curves of A. muciniphila in predicting UC.

(F) Heatmap of faecal microbiota from mice with CAC at different time
points. (G) Comparison of faecal microbiota in CAC mice at the phylum
level. (H) FISH detection of A. muciniphila in the mice with colitis and
CAC (at week 23). (I) The relative abundance of A. muciniphila in

colitis and CAC (at week 23) mice by qPCR. Data are presented as the
mean=SEM and were analysed by ordinary one-way ANOVA with Tukey's
multiple comparisons. ***P<0.001. Ad, adenoma; ANOVA, analysis

of variance; CAC, colitis-associated colorectal cancer; CRC, colorectal
cancer; UC, ulcerative colitis

Akkermansia muciniphila is a gram-negative anaerobic bacte-
rium, which is the first and only representative member of the
Verrucomicrobia phylum found in the human intestinal tract.! '?
Recently, it has been considered as a promising probiotics. The
abundance of A. muciniphila is significantly reduced in meta-
bolic disorders, such as diabetes and obesity."*™° Supplemen-
tation with pasteurised A. muciniphila improved metabolic
dysfunctions and the integrity of intestinal barrier and reduced
plasma lipopolysaccharide levels in obese human volunteers.'® A.
muciniphila induced antigen-specific T cell responses to modu-
late host immune function during homeostasis.'” In addition,
A. muciniphila restored the efficacy of programmed death-1
(PD-1) blockades by increasing the recruitment of CCR9*CX-
CR37CD4" T lymphocytes into mouse tumour beds.'® Our
previous study showed that the abundance of A. muciniphila was
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significantly decreased in dextran sulfate sodium (DSS)-induced
colitis mice." A. muciniphila improved clinical parameters,
including spleen weight, colon inflammation index and colon
histological score in chronic colitis.”> Amuc_1100 is a specific
protein isolated from the outer membrane of A. muciniphila,
which retains biological activity at pasteurisation temperature
and exerts beneficial effects.”’ However, whether A. muciniphila
or Amuc_1100 can improve CAC through the modulation of
immune response remain inconclusive.

The present study showed that A. muciniphila abundance was
significantly reduced in patients with UC and mice with colitis
or CAC. Oral supplementation with pasteurised A. muciniphila
or Amuc_1100 attenuated DSS-induced colitis and delayed the
onset of CAC. A. muciniphila/Amuc_1100 decreased colonic
infiltration of macrophages and the proportion of CD16/32"
macrophages in the spleen and mesenteric lymph nodes (MLN)
of colitis mice. Amuc_1100 also significantly decreased colon
infiltrating cytotoxic T lymphocytes (CTLs), as well as the
proportion of CTLs in the spleen, while it increased the PD-1*
CTL subset. For CAC, pasteurised A. muciniphila/Amuc_1100
treatment increased CTLs in colon tumours and the MLN. Their
treatment increased TNF-o* CTLs and decreased the propor-
tion of PD-1" CTLs in the MLN. Amuc_1100 increased the
proportion of CTLs in primary splenocytes cultured in CT26
cell conditioned medium in vitro. Furthermore, these CTLs
induced higher apoptotic rates than cells without Amuc_1100
treatment. Collectively, these results highlight the protective
effects of Amuc_1100 in CAC, which occur through modulation
of the proportion and function of CTLs. This study provides a
novel evidence that A. muciniphila can serve as a potential ther-
apeutic target in patients with CRC.

MATERIALS AND METHODS

Culture and pasteurisation of A. mucinijphila

A. muciniphila MucT (ATCC BAA-835) (online supplementary
figure 1A) was cultured in brain heart infusion broth containing
10mg/L resazurin (an oxidation-reduction indicator) under
strict anaerobic conditions. A representative culture stock was
used to determine the CFU/mL under anaerobic conditions by
plate counting using mucin media containing 1% agarose. This
culture was diluted with anaerobic PBS containing 2.5% glyc-
erol to a final concentration of 1.5%x10° CFU/100uL. Then,
A. muciniphila was inactivated by pasteurisation for 30 min at
70°C. After pasteurisation, no viable A. muciniphila could be
recovered in culture.

Expression and purification of Amuc_1100 /7 vitro

Amuc_1100 protein was produced according to a previous
study.”’ The PCR product of a His-tagged Amuc 1100 was
cloned into the pET-26b (+) vector (GenScript, Nanjing, China)
to construct the expression plasmid (online supplementary
figure 1B and C), which was validated by visualising Mlu I and
Xho I digested fragments on a agarose gel (online supplementary
figure 1D). The plasmid pET-26b-Amuc_1100 was transformed
into E. coli BL21 (DE3), which was cultured in LB broth with
kanamycin (50 pg/mL) at 37°C and 220 rpm shaking. Isopropyl
B-D-1-thiogalactopyranoside (1 mM) was added to the LB broth
to induce Amuc_1100 expression during the logarithmic growth
phase. The bacteria were harvested when the OD600 value was
over one and then lysed by sonification, the centrifugal superna-
tant was used to purify the Amuc_1100 protein with Ni-16NTA
His-Bind (Novagen, Merck Millipore, Massachusetts, USA). The
result of Coomassie brilliant blue staining (online supplementary
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Figure 2 Supplementation with pasteurised A. muciniphila or Amuc_1100 improved colitis induced by DSS. (A) Weight changes are expressed as
the mean change from the starting weight. (B) (DAI, (C) colon length and (D) spleen weight were analysed. (E) Representative histological images

of colon tissues by H&E staining. Scale bars, 200 pm. (F) IHC staining and quantitation of cleaved-caspase 3 in the proximal colon. Scale bars, 50 ym.
(G) The mRNA expression of proinflammatory cytokines in colon tissue, including TNF-c, IFN-y, IL-1B, IL-6, IL-18 and IL-33. Data are presented as the
means+SEM and were analysed by ordinary one-way ANOVA with Tukey's multiple comparisons. *P<0.05, **p<0.01, ***p<0.001, compared with
respective control; "p<0.01, "p<0.001, compared with DSS group. ANOVA, analysis of variance; DAI, disease activity index; DSS, dextran sulfate

sodium; IHC, immunohistochemistry.

figure 1E) and western blotting (online supplementary figure 1F)
revealed that the Amuc_1100 protein was synthesised success-
fully in vitro. The concentration of Amuc_1100 was detected by
an Enhanced BCA Protein Assay Kit (Beyotime Biotechnology,
China). Amuc_1100 protein was stored at —80°C until use.

Patients

Human stool sample from active patients with UC, adenoma
(Ad) and CRC as well as healthy controls were obtained from
Jiangsu Province Hospital of Chinese Medicine (Nanjing, China)
with patient informed consent under an approved institutional
review board protocol. The characteristics of the patients are
listed in online supplementary table 1. All of the patients with
CRC were first diagnosed and then histologically confirmed.
Exclusion criteria were predefined as follows: diabetes, hyper-
tension, coronary heart disease and a history of CRC.

Animal experiments

Male C57BL/6] mice aged to 6—-8 weeks were housed in groups
of five mice per cage in a 12/12hour day/night cycle with free
access to food and water under conditions of controlled humidity
(50%+=5%) and temperature (22+2°C).

Acute colitis was induced by 2% dextransulfate sodium (DSS)
(MP Biomedicals, molecular weight 35-50kDa) in the drinking
water ad libitum for eight consecutive days (online supplemen-
tary figure 2A). To explore the effects of A. muciniphila on colitis,
the mice were treated with an oral administration of pasteurised
A. muciniphila (1.5 x10% CFU) or the protein Amuc_1100 (3 pg)
in an equivalent volume of sterile PBS containing 2.5% glycerol
from 2 weeks before DSS treatment to sacrifice. Body weight and
disease activity index (DAI) were observed every day according

our previous study.”? The average weight loss, diarrhoea and
bleeding comprised the DAI (online supplementary table 2).

The mouse CAC model was established by one intraperito-
neal injection (i.p.) of 10 mg/kg azoxymethane (AOM) followed
by three cycles of 2% DSS treatment (1 week per cycle) (online
supplementary figure 3A). To test the impact of A. muciniphila
on CAC, the mice were treated with pasteurised A. muciniphila
(1.5x10® CFU) or the Amuc_1100 (3 pg) from 2 weeks before
AOM injection until sacrifice. Body weight and DAI were
observed every day. Stool samples were collected at the 7th,
10th, 23rd weeks. The mice were euthanised at the 8th, 12th
and 23rd weeks.

16S rRNA sequencing

Microbial DNA from stool samples was extracted, then 16S
rRNA was amplified at the V3 hypervariable region. Sequencing
was conducted by an Illumina MiSeq (PE300) and the data were
analysed by Majorbio Bio-pharm Biotechnology (www.i-sanger.
com). Operational taxonomic units (OTUs) were used for alpha
diversity, richness and rarefaction curve analyses with a 0.97
threshold. In addition, partial least squares discriminant analysis
(PLS-DA) was performed by Bray-Curtis based on OTU level.

A. muciniphila quantification

The abundance of A. muciniphila in stool samples was quan-
tified by quantitative PCR (qPCR) in accordance with our
previous study.!” Localisation of A. muciniphila at the surface
of the intestinal mucosa in colitis and CRC was performed by
fluorescent in situ hybridisation (FISH) as described previously.®
The fluorescein isothiocyanate (FITC)-labelled A. muciniphila
probe (FITC-CCTTGCGGTTGGCTTCAGAT) was synthesised
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Figure 3  Supplementation with pasteurised A. muciniphila or Amuc_1100 suppressed the activation and infiltration of CD8" CTLs and macrophages
in colitis mice. Representative FCM analysis and quantification of CTLs (A) and PD1* CTLs (B) in the spleen. Representative FCM analysis and
quantification of CD16/32* macrophages (CD11b*F4/80*) (C) and PD1* CD16/32" macrophages (D) in the spleen. Scale bars, 50 um. Representative
FCM analysis and quantification of CD16/32* macrophages (E) and PD1* CD16/32* macrophage (F) in the MLN. IHC staining of CD8a (G) and F4/80
(H) in the proximal colon. Data are presented as the means+SEM and were analysed by ordinary one-way ANOVA Tukey's multiple comparisons.
*P<0.05, **p<0.01, ***p<0.001, compared with respective control; *p<0.05, #p<0.01, *p<0.001, compared with DSS group. ANOVA, analysis of
variance; CTL, cytotoxic T lymphocytes; DSS, dextran sulfate sodium; FCM, flow cytometry; IHC, immunohistochemistry; MLN, mesenteric lymph nodes.

by GENERAY Biotechnology (Shanghai, China). Hybridised
samples were imaged with a Zeiss LSM710 confocal microscope
(Carl Zeiss, Germany).

Quantitative real-time polymerase chain reaction (qQPCR)

Total RNA was extracted from colon tissues or CT26 cells and
then the cDNA was synthesised with HiScript II Q RT SuperMix
for qPCR (Vazyme Biotech). qPCR was performed using the
QuantStudio 5 System (Thermo Fischer Scientific). The qPCR
primers were designed and synthesised by GENERAY Biotech-
nology (Shanghai, China), and the primer sequences are listed in
online supplementary table 3. GAPDH was used as the reference
gene.

Histology and immunohistochemistry (IHC)

For histology assessment, colon tissue sections were fixed, dehy-
drated, embedded and sectioned (5 um) for H&E staining. For
IHC assays, the paraffin sections were deparaffinised, endog-
enous enzymes were inactivated and antigens were thermally
repaired. The sections were then blocked and stained with CD8a,
F4/80, cleaved-caspase 3, YH2AX or Ki67 antibodies, followed
by corresponding secondary antibody and a Streptavidin Biotin

Complex kit (Boster BioEngineering, Wuhan, China). The
detailed information of antibodies for IHC analysis is listed in
online supplementary table 4. Stained slides were scanned by
Pannoramic SCAN (3DHISTECH Kft, Budapest, Hungary).
IHC was quantified by Image-Pro-Plus software and the mean
density was determined based on the rate of integral optical
density sum and area.

Flow cytometry (FCM)

For the analysis of CTLs, splenocytes and MLNs cells were
stained with fluorescently labelled antibodies (online supple-
mentary table 4) including Fixable Viability Dye eFlour 780,
PerCP-eFluor 710 anti-mouse CD3, FITC rat anti-mouse CD8a,
PE rat anti-mouse TNF, BD Horizon BV421 hamster anti-Mouse
CD279. To remove non-specific binding of fluorescently labelled
antibodies to Fc receptors, the Fc receptors were blocked with
purified anti-mouse CD16/32. For intracellular staining of
TNF-a, the cells were treated with the Leucocyte Activation
Cocktail for 12 hours. The cells were then fixed, permeabilised
and washed using the Foxp3/Transcription Factor Staining Buffer
Set Kit (#85-00-5523-00, eBioscience).
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For the analysis of the macrophages, splenocytes and MLNs
cells were stained with fluorescently labelled antibodies,
including FITC rat anti-mouse CD11b, PE rat anti-mouse F4/80,
PerCP-CyS.5 anti-mouse CD16/32, anti-mouse CD279 (PD-1)
and FcR block. Gates and quadrants were based on fluorescence
minus one (FMO) control. The samples were detected with
BD FACSVerse (BD Biosciences). The data were analysed by
Flow]Jo_V10.

Coculture of primary mouse CTLs with CT26 cells

CT 26 cells were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and cultured in RPMI-
1640 medium containing 10% fetal bovine serum (FBS) at 37°C
in a 5% CO, humidified atmosphere. Splenocytes were isolated
and cultured in fresh RPMI-1640 medium containing 20%
FBS and CT26 conditioned medium (v/v, 1/1) with or without
10 pg/mL Amuc_1100 for 24 hours. Then, the cultured spleno-
cytes were used to sort CTLs by FCM. These suspended CTLs
and adherent CT26 cells were cocultured at 1:1 for 48 hours.
The apoptotic rate of CT26 cells was examined with the FITC
Annexin V Apoptosis Detection Kit [ (#556547, BD Biosci-
ences) according to the manufacturer’s instructions.

Statistical analysis

The receiver operating characteristic curve (ROC) analysis was
performed by SPSS 22.0 software (Chicago, Illinois, USA). A
two-tailed Student’s t-test was performed to compare the cell
apoptotic rate and related gene expression in CT26 cells. All
human and animal data were analysed by ordinary one-way anal-
ysis of variances with Tukey’s multiple comparisons. All plots are
shown as the means+=SEM. P<0.05 was considered as statisti-
cally significant.

RESULTS

The abundance of A. mucinjphila was decreased in human

and mice with colitis or CRC

16S rRNA sequencing indicated that the community compo-
sition could be clearly separated by PLS-DA and rarefaction
curves between UC and healthy controls (online supplemen-
tary figure 4A-B). The diversity (Shannon index) and richness
(Chao, ACE and Sobs indices) of the gut microbiota were
significantly reduced in patients with UC in comparison with
controls (online supplementary figure 4C-F). The sequencing
data revealed a decreased abundance of A. muciniphila in
patients with UC, Ad and CRC (figure 1A-B), which were
verified by FISH (figure 1C) and qPCR data (figure 1D). ROC
analysis revealed the predicted value of A. muciniphila in UC
(AUC=0.674, p=0.0007) (figure 1E). In agreement with the
human data, the diversity and richness of the microbiota in
colitis mice were significantly decreased (online supplementary
figure 2C-F). Unexpectedly, supplementation with Amuc_1100
increased the abundance of A. muciniphila in colitis mice
(online supplementary figure 2G-I). There was a complete sepa-
ration between the gut microbiota from CAC mice at different
time points (online supplementary figure SA-B). The diversity
and richness of the gut microbiota in CAC mice were signifi-
cantly reduced in the early stage (online supplementary figure
5C-F). During the process of CAC, A. muciniphila decreased in
a time-dependent manner (figure 1F-G). FISH and qPCR data
further confirmed that A. muciniphila abundance was decreased
in colitis and CAC mice (figure 1H-I).

Pasteurised A. mucinjphila or Amuc_1100 improved colitis in
mice

Oral supplementation of pasteurised A. muciniphila or
Amuc_1100 failed to recover the loss of body weight in colitis
mice (figure 2A). However, Amuc 1100 significantly allevi-
ated the DAI (figure 2B). Both pasteurised A. muciniphila and
Amuc_1100 significantly relieved colon shortening (figure 2C)
and splenomegaly (figure 2D). They also attenuated histological
injuries in the proximal colon, such as the loss of histological
structure, disruption of the epithelial barrier and pronounced
inflammatory cell infiltration (figure 2E). IHC analysis demon-
strated that pasteurised A. muciniphila or Amuc_1100 decreased
the number of cleaved-caspase three positive cells (figure 2F).
qPCR analyses of colon from colitis mice after their treatment
revealed significant downregulation of TNF-o, IFN-y, IL-1,
IL-6, IL-18 and IL-33 (figure 2G). Collectively, these results
demonstrated that treatment with pasteurised A. muciniphila or
Amuc_1100 could ameliorate DSS-induced acute colitis.

Reduced infiltration of CTLs and macrophages in the spleen
and MLN by supplementation of Amuc_1100 or pasteurised 4.
muciniphila

To investigate the effects of A. muciniphila or Amuc_1100 on
immune response, the proportion of CTLs and macrophages
as well as their expressions of PD-1 and TNF-o were detected
by FCM (online supplementary figure 6). The proportion of
CTLs was significantly increased in the spleens of colitis mice
(figure 3A). Oral supplementation of Amuc_1100 significantly
decreased the proportion of CTLs (figure 3A) and rescued the
reduced percentage of PD-1% CTLs in the spleen (figure 3B).
However, A. muciniphila and Amuc_1100 could not restore the
reduction in CD4" T cells (online supplementary figure 7A).
They inhibited the elevation in proinflammatory CD16/32%
macrophages (CD11b* F4/80%) in the spleen (figure 3C).

The proportion of CTLs (online supplementary figure 7B) and
PD-1* CTLs (online supplementary figure 7C) did not change
in the MLN with or without pasteurised A. muciniphila or
Amuc_1100 treatment. However, their treatment suppressed the
increase in CD16/32" macrophages (figure 3E), but they did not
impact the expression of PD-1 on CD16/32" macrophages in the
spleen (figure 3D) or MLN (figure 3F). Furthermore, they alle-
viated the colonic infiltration of CTLs (figure 3G) and macro-
phages (figure 3H).

Supplementation with pasteurised A. mucinijphila or
Amuc_1100 improved clinical symptoms of CAC

Neither pasteurised A. muciniphila nor Amuc_1100 administra-
tion could offset the reduction in body weight observed in CAC
mice (figure 4A). However, they significantly decreased the DAI,
especially at week 23 (figure 4B). Pasteurised A. muciniphila or
Amuc_1100 did not change the colon length (online supple-
mentary figure 3B), while their treatment could mitigate sple-
nomegaly in CAC mice (figure 4C). In addition, their treatment
delayed the tumour formation (figure 4D,G and online supple-
mentary figure 3C) and decreased the tumour numbers and area
by the 12th week (figure 4E—F). Their treatment also decreased
the expression of YH2AX (figure 4H) and cleaved caspase 3
(figure 4I) in colon epithelial cells, which indicated that they
could attenuate double-stranded DNA breaks and subsequent
apoptosis in CAC mice. Furthermore, the expression of Ki67
was reduced on pasteurised A. muciniphila and Amuc_1100
treatment (figure 4]), suggesting that they may also inhibit cell
proliferation. Collectively, these data demonstrated that oral
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administration of pasteurised A. muciniphila or Amuc_1100
could prevent AOM/DSS-induced tumourigenesis by attenuating
DNA damage, cell apoptosis and abnormal proliferation.

Pasteurised A. mucinijphila or Amuc_1100 modulated immune
response in CAC mice
Studies have shown that CTLs undergo aggressive prolifera-
tion, cloning and dynamic differentiation in the human tumour
microenvironment.”” The proportion of CTLs in the MLN
increased significantly only after the 23rd week (figure 5B
and online supplementary figure 8B), while the proportion
of PD-1" CTLs was significantly increased by the 12th week
(figure SA,C). Pasteurised A. muciniphila and Amuc_1100
significantly enhanced the increase in CTLs in the MLN of CAC
mice (figure SA-B), while they reduced the percentage of PD-1*
CTLs starting in the 8th week (figure 5C). The TNF-o." CTLs
cell subset percentage was significantly higher after their treat-
ment for 8 and 12 weeks (figure SA,D and online supplemen-
tary figure 8A). In the spleen, pasteurised A. muciniphila and
Amuc_1100 significantly reduced the proportion of PD-1* CTLs
by the 8th week (online supplementary figure 9). Furthermore,
their treatment suppressed the colonic infiltration of CTLs in
CAC mice (figure SE). These data suggested that pasteurised A.
muciniphila and Amuc_1100 increased the proportion of CTLs
and enhanced their cytotoxic effect in CAC mice.

Pasteurised A. muciniphila and Amuc_1100 suppressed the
increase percentage of macrophages in the spleen of CAC mice

since by the 8th week (figure 6A,B), while they had no effect
on the proportion of macrophages (online supplementary figure
10A) or CD16/32" macrophage in the MLN (online supplemen-
tary figure 10B). However, their treatment significantly inhibited
the expression of PD-1 on CD16/32* macrophage in the MLN
and spleen (figure 4B and online supplementary figure 10C) and
alleviated the colonic infiltration of macrophages (figure 6C).

Amuc_1100 induced activation of CTLs cultured in CT26 cell
conditioned medium

To explore the underlying antitumour mechanism of Amuc_1100,
CTLs were isolated from the spleen of normal mice and cocul-
tured with CT26 cells in vitro (figure 7A). Amuc_1100 signifi-
cantly increased the proportion of CTLs in primary splenocytes
cultured in CT26 cell conditioned medium (figure 7B). The puri-
fied CTLs pretreated with Amuc_1100 significantly increased the
apoptosis of CT26 cells in the conditioned medium (figure 7C).
qPCR of cocultured CT26 cells revealed a downregulation of
Bcl-2 (figure 7D) and upregulation of caspase 3 (figure 7E).
Intratumoural expression of cleaved-caspase 3 (figure 7F) was
increased in CAC mice treated with pasteurised A. muciniphila
or Amuc_1100.

DISCUSSION
The maintenance of intestinal homeostasis relies on coordinated
interactions between the microbiota, the intestinal epithelium
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Figure 5 Pasteurised A. muciniphila or Amuc_1100 enhanced CTLs activation in CAC mice. FCM analysis of CTLs, PD-1* CTLs and TNF-o.* CTLs in
the MLN in the 12th week (A). Quantification of CTLs (B), PD-1* CTLs (C) and TNF-o. CTLs (D) in the 8th, 12th and 23rd week, respectively. (E) IHC
staining of CD8a in the colon. Scale bars, 50 pm. Data are presented as the means=SEM and were analysed by ordinary one-way ANOVA with Tukey's
multiple comparisons. *P<0.05, **p<0.01, ***p<0.001, compared with control; *p<0.05, ®p<0.01, #p<0.001, compared with AOM+DSS group.
ANOVA, analysis of variance; AOM, azoxymethane; CAC, colitis-associated colorectal cancer; CTL, cytotoxic T lymphocyte; DSS, dextran sulfate sodium;

FCM, flow cytometry; IHC, immunohistochemistry.

and the host immune system.** In this study, the microbiota
composition in faeces from patients with UC was distinct from
healthy individuals. However, a dramatic shift in the microbial
community structure was not observed in patients with Ad or
CAC because of interindividual variation and small sample size.
Richness and diversity were significantly reduced in colitis and
CAC mice. Consistent with previous study,'* the abundance of
A. muciniphila in patients with UC and DSS-induced colitis mice
was decreased. The role of A. muciniphila in CRC still remains
inconclusive. Nevertheless, A. muciniphila has previously been
linked to an increased burden of CRC in human and mice,>>%’
and it was decreased during the progression of CAC in mice
and in patients with CRC in this study. Thus, the aims of this
study were to explore whether and how A. muciniphila restrain
colorectal tumourigenesis. Recent studies showed that both
pasteurised A. muciniphila and Amuc_1100 (stable after pasteur-
isation) could partly recapitulate the beneficial effects of the live
bacterium.'® *' Thus, they were used to validate the role of A.
muciniphila in the development of acute colitis and CAC.

The A. muciniphila type strain ATCC BAA-835 and a murine
strain (designated 139) exerted anti-inflammatory effects on
chronic colitis.?® Previous studies also revealed the protective
effects of A. muciniphila-derived extracellular vesicles in DSS-
induced colitis.?® In this study, oral administration of pasteur-
ised A. muciniphila or Amuc_1100 significantly improved acute
colitis, including DAI, splenomegaly, colon shortening and

histological injury. A. muciniphila is known to be important in
improving the host metabolic functions in obese and diabetic
people.”” Thus, it seemed reasonable that A. muciniphila and
Amuc_1100 failed to restore the body weight loss observed
in colitis or CAC mice. Their treatment also inhibited colonic
expression of proinflammatory cytokines, such as IFN-y, TNF-o
and IL-1B. However, the BAA-835 strain previously failed to
promote short-term intestinal inflammation in gnotobiotic
IL-10-deficient mice.’® Oral supplementation of pasteurised
A. muciniphila or Amuc_1100 could not shape the microbial
community in colitis mice, but they did enhance the abun-
dance of A. muciniphila. It seems that the protective effects
are dependent on the microbiota. CTLs are emerging as major
mediators of human IBD, which is also prognostically linked to
CTL profiling.*’ The main contribution to colitis development
was mediated by cytokine producing, proliferative, CTLs in the
intraepithelial compartment of mice.** Amuc_1100 significantly
decreased the proportion of CTLs in the spleen and the colonic
infiltration of CTLs. Moreover, Amuc_1100 inhibited the activa-
tion of CTLs through the upregulation of PD-1. Taken together,
Amuc 1100 could improve DSS-induced colitis through the
modulation of the population and activation of CTLs.

Beyond the effect on colitis, this study uncovered that
Amuc_1100 provoked an antitumour immune response in
CAC. Oral supplementation of pasteurised A. muciniphila or
Amuc_1100 delayed tumour formation and reduced tumour

1994

Wang L, et al. Gut 2020,69:1988-1997. doi:10.1136/gutjnl-2019-320105

ybuAdoo Aq parosiold 1senb Ag €20z ‘8T My uo /wod g nby/:dny woij papeojumoq 0202 YdIBN €T U0 S0T0ZE-6T0Z-IUlnNB/9ETT 0T Se paysignd 1s1y N9


http://gut.bmj.com/

Gut microbiota

A A. muciniphila Amuc_1100

control AOM+DSS  +AOM+DSS +AOM+DSS

3.7 1.82 i 1.76

F4/80

CD11b

(9]

A. muciniphila Amuc_1100
+AOM+DSS +AOM+DSS
g i

7
Vo5

AOM+DSS

control

B
5_
8w
w=
3 & 4 - 2w
0
+ 8 B 23w
2 > 3
=38
[=]
082
o £
g >
¥ 11
0_
0.084
S 8w
3 0064 - 2w
‘s . B 23w
> .
’é 0.04+ ######
o #ith
S ###### o
£ 0.02-
Q
=
0.00-
N
&
N
v.
R
RN
&5
N
O
»

Figure 6 The reduced proportion and infiltration of macrophages in CAC mice treated with pasteurised A. muciniphila or Amuc_1100. (A) FCM
analysis and (B) quantification of macrophage (CD11b*F4/80%) in lymphocytes of the spleen in the 8th, 12th and 23rd week. (C) IHC of F4/80

in the colon. Scale bars,50 pm. Data are presented as the mean+SEMand were analysed by ordinary one-way ANOVA with Tukey's multiple
comparisons. *P<0.05, **p<0.01, ***p<0.001, compared with control; *p<0.05, #p<0.01, #*p<0.0001, compared with AOM+DSS group. ANOVA,
analysis of variance; AOM, azoxymethane; CAC, colitis-associated colorectal cancer; DSS, dextran sulfate sodium; FCM, flow cytometry; IHC,

immunohistochemistry.

number and size. As a known genotoxic stress, AOM can trigger
DNA damage and subsequent cell apoptosis and abnormal prolif-
eration.”® This study revealed that pasteurised A. muciniphila
and Amuc_1100 inhibited the expression of YH2AX and Ki67 in
colon tissue, while they triggered the apoptosis of tumour cells
in vitro and in vivo. CTLs are considered the principal cellular
mediators of antitumour immunity and a prognosis marker for
CRC.*>*3¢ Pasteurised A. muciniphila and Amuc_1100 signifi-
cantly increased CTL percentage in the MLN and colon. Inter-
estingly, they also upregulated TNF-o. in CTLs, which aggravated
tumour cells apoptosis.”” ** The different microenvironment
of colitis and CAC may partially explain this discrepancy. A.
muciniphila and Amuc_1100 might promote the recruitment of
CTLs though increasing the secretion of specific chemokines in
tumour cells, where they were activated due to MHCI upreg-
ulation.*” However, the underlying mechanisms need further
investigation.

Immune checkpointinhibitors targeting the PD-1/programmed
death-ligand 1 (PD-L1) axis are widely used.***' The composi-
tion of the commensal microbiota in patients is associated with
the therapeutic efficacy of anti-PD-1 monoclonal antibody.*
Oral gavages with A. muciniphila increased the efficacy of a
PD-1 blockade with respect to tumour growth.'® The expression
of PD-1 was upregulated on mucosal CD4, CD8of3 and TCRof3
cells of the colon and the ileum, which correlated with CAC
progression.* Although the majority of CRCs with high CTLs
infiltration have favourable outcomes, those with concurrently
high PD-L1 gene expression have poor clinical outcomes.** In the
present study, the proportion of PD-1" CTLs was significantly
reduced in CAC mice treated with pasteurised A. muciniphila or
Amuc_1100. T cells expressing lower levels of PD-1 produced
higher levels of IFN-y and TNF-o in comparison to those with

high PD-1 expression, which might in turn trigger cell apoptosis
and induce PD-L1 expression in the tumour microenvironment,
thereby shaping T-cell PD-1 status.*

Macrophages are the gatekeepers of intestinal immune
homeostasis, M1 macrophages elicit rapid proinflammatory
responses to infection and tissue damage.”® *’ In the present
study, colitis was blunted by A. muciniphila or Amuc_1100
through a reduction in the proportion of macrophage, espe-
cially CD16/32" macrophages (M1). Previous studies revealed
that CTLs could promote the recruitment and activation of
macrophages during inflammation.* Thus, A. muciniphila
or Amuc_1100 may inhibit the recruitment and activation of
macrophages by the reduction of CTLs. Conversely, they could
also inhibit the activation of macrophages by increased CTLs.
Clinical and experimental evidence has shown that tumour-
associated macrophages (TAMs) promote cancer initiation
and progression. The proportion of macrophage in the spleen
as well as the colonic infiltration of macrophages were signifi-
cantly increased in CAC mice. A. muciniphila or Amuc_1100
treatment decreased these macrophage populations without
disrupting their expression of CD16/32 or PD-1, indicating that
their antitumour capabilities were independent of macrophage
activation. A recent study reported that TAMs could promote
CTL tumour infiltration through the production of CXCL9.*
Thus, A. muciniphila or Amuc_1100 may also inhibit macro-
phage functions, such as chemokines secretion, and enhance
the tumour infiltration of CTLs. However, the interactions of
macrophages and CTLs on A. muciniphila or Amuc_1100 treat-
ment remain unclear.

This work reveals a key role for A. muciniphila as a critical
regulator of intestinal homeostasis. Pasteurised A. muciniphila
or Amuc_1100 could reshape the immune landscape to blunt
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Figure 7 Amuc_1100 induced CTL activation in CT26 cell conditioned medium. (A) Schematic representation of CTL isolation and coculture with
CT26 cells. (B) The fraction of CTLs in the splenocytes cultured with CT26 cell conditioned medium with or without Amuc_1100 for 72 hours. (C)

The apoptotic rate of CT26 cells cocultured with sorted CTLs for 48 hours (n=3). The mRNA expression of Bcl-2 (D) and caspase 3 (E) and in CT26
cells was detected by qPCR. (F) Intratumoural cleaved-caspase 3 in CAC mice were analysed by IHC. Scale bars, 20 um. Data are presented as the
means+SEM and were analysed with t test. *P<0.05, **p<0.01, ***p<0.001, compared with control. CAC, colitis-associated colorectal cancer; CTL,
cytotoxic T lymphocyte; IHC, immunohistochemistry.
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